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Abstract
Today’s high school graduates are required to digest and interpret massive amounts of
information related to science. National standards documents in science education promote
the development of skills to effectively evaluate the credibility of scientific information, with
the goal of producing citizens capable of making scientifically informed decisions after
graduation. These skills include the ability to make reasoned arguments based on evidence
(Scientific Argumentation [SA]) and an understanding of how scientific knowledge is generated,
validated, and communicated (Nature of Science [NOS]). While the importance of these skills is
not in dispute, the few studies that have examined the connection between them have yielded
mixed results. The purpose of this study is to investigate the potential relationship between
high school science students’ SA skill and NOS understanding in the context of real-world
scenarios that include a scientific and ethical component (socioscientific issues [SSI]). This
dissertation reports on a quantitative survey research study investigating high school students’
SA skill and level of NOS understanding in the context of two SSIs. One hundred ninety-five high
school students from a suburban school district in South Dakota completed the
survey/assessment. Linear regression analyses, Fisher transformations, and t-tests were used to
investigate the nature of potential relationships between SA skill and NOS understanding, and
also the potential effect of SSI characteristics on SA skill and NOS understanding. The data
suggest moderate to large positive correlations between components of students’ NOS
understanding and SA skills in the context of SSIs. Comparisons of the NOS-SA correlations
between SSI scenarios showed relative consistency. Similarly, comparisons of NOS and SA score
means between SSI scenarios demonstrated little to no variation. Analyses of potential effects
of SSI characteristics including personal relevance, prior knowledge, and familiarity of debate
on SA skill and NOS understanding revealed no clear trends. The results indicate a strong
connection between high school students’ NOS understanding and SA skill. Additionally,
students appear to apply their NOS understanding and SA skill similarly across SSI scenarios.
Students’ application of NOS understanding and SA skill displays no clear correlation with
studied characteristics of the SSI scenario. Future researchers should develop interventions to
improve NOS and SA that allow for 1) determination of directionality in the NOS-SA
relationship, 2) exploration of potential synergistic effects of teaching NOS and SA in a blended
way, and 3) more precise and comprehensive measurement of SSI characteristics that may
affect NOS and SA application.

Dissertation Advisor: ______________________
Dr. Kevin Reins
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Chapter 1
Introduction
Societal Background
Modern society is inundated with problems and challenges, which have solutions that
rely on scientific research. Salient examples include the COVID-19 pandemic, climate change,
and global food supply. Scientific research has led to the creation of multiple efficacious
vaccines for COVID-19 in less than a year (Center for Disease Control and Prevention, 2021).
Decades of scientific research have established that global temperatures are increasing, human
activities are the chief cause, and that reductions in carbon dioxide emissions will slow the
current trends (Knutson et al., 2017). And scientific research in agricultural practices and
genetics have steadily increased food supply as the global population has exceeded seven
billion people (Berners-Lee et al., 2018).
While scientific research has the potential to identify and solve some of society’s most
pressing issues, there is a countercurrent that has the capacity to undermine the potential
benefits of scientific research. Mistrust of scientific research and science experts is fueled by
evermore organized social media disinformation. The use of algorithms, automation, and
human curation to purposefully distribute misleading information over social media networks,
known as computational propaganda, is on the rise (DiResta, 2018). Bradshaw et al. (2020)
found that the number of private companies offering computational propaganda as a service
has increased from 9 in 2017 to 48 in 2020, with around $60 million spent on these services
since 2009. The effects of manipulated science skepticism have potential real-world impacts, as
patients may avoid evidence-based medical treatments, consumers may make poor buying
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decisions, and citizens may support ill-advised government policies. For today’s young people,
the potential problem of science misinformation is perhaps more acute, as they are most likely
to use social media to get their news (Shearer, 2018).
To realize the potential benefits of science for society, students must understand how
scientific information is generated and how to determine the quality of purported scientific
information they encounter in the media. According to Lederman et al. (2014), “for an
individual to make informed decisions about scientifically based issues he/she must be able to
weigh the claims and evidence against the characteristics inherent to scientific knowledge
([Nature of Science]) and its development” (p. 286). Science education research has focused on
two areas of interest that support students in their development as competent consumers of
science: Nature of Science (NOS) and Scientific Argumentation (SA).
Intellectual Background
Nature of science (NOS) can be defined as a set of understandings that address how
scientific knowledge is generated, validated, and changes over time (Abd-El-Khalick &
Lederman, 2000). In brief, NOS understandings include the idea that scientific knowledge is
“tentative, empirical, subjective, partly the product of human imagination and creativity, and
socially and culturally embedded” (Khishfe, 2012b, p. 68). NOS has been an active area within
science education research for more than 50 years (Bell et al., 2001). Modern justifications for
the importance of NOS can be traced to Driver et al. (1996), who articulated several arguments
for its formal inclusion in science curriculum and the National Science Education Standards
(National Research Council, 1996). Among these was the assertion that “knowledge of the
nature of science contributes to more successful use of scientific knowledge in later life” (Driver
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et al., 1996, p. 137). By understanding how scientific knowledge is generated, students may
become better consumers and interpreters of science, and thus better decision-makers in areas
such as civics, healthcare, and sustainability. The importance of NOS was reaffirmed in 2013
when it was included as part of the Next Generation Science Standards (NGSS), a national
science standards document for K-12 science education (NGSS Lead States, 2013c). In fact, the
NGSS places NOS understandings at the intersection of the three core dimensions of the NGSS
standards (scientific and engineering practices, disciplinary core ideas, and crosscutting
concepts), and characterizes the development of students’ NOS understandings as a
“fundamental goal for K-12 science education” (NGSS Lead States, 2013c, p. 2).
Research on scientific argumentation (SA) also holds special importance for the modern
high school science student. Engaging in Argument from Evidence is one of the eight science
and engineering practices that focuses instruction throughout the NGSS (NGSS Lead States,
2013c). SA has special relevance on standardized tests as well. According to ACT (2021), 25-35%
of the science component of the ACT college admissions standardized test assesses the test
taker’s ability to “judge the validity of scientific information and formulate conclusions and
predictions based on that information” (p. 2).
Scientific argumentation can be defined as an attempt to validate or refute a scientific
claim based on evidence and in a manner that reflects the values of the scientific community
(Norris et al., 2008). Windschitl and colleagues (2018) propose three main components of
scientific argumentation: making claims, utilizing multiple forms of evidence, and responding to
others’ counterclaims.
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Research Background
Although researchers generally agree both on the definition of SA and its importance in
science education, there is less agreement on the way to best teach SA to improve student skills
(Cavagnetto, 2010; Sampson & Clark, 2008). Some researchers have focused on SA as a logic
process (Cavagnetto, 2010). One of the first attempts to gauge SA skill was Toulmin’s Argument
Pattern (TAP), in which student argumentation was evaluated in its use of claim, data, warrant,
and backing (Toulmin, 1958). TAP has been widely used and modified since its creation to both
evaluate and explicitly teach SA in the classroom (Erduran et al., 2004). Critics of the logiccentered approach of TAP in teaching and evaluating SA point to its content agnosticism; an
argument might score highly on a TAP evaluation but be deeply flawed in its scientific context
(Sampson & Clark, 2008). Other logic-focused researchers have attempted to evaluate SA in
terms of argument complexity. Schwarz et al. (2003) created and tested an SA mapping tool
that evaluated student argumentation skill based on two factors including the number of pieces
of evidence used to support a claim, and whether the argument addressed potential
counterarguments. The researchers noted improvements in the quality of SA among students
who were explicitly taught to formally structure their arguments using the mapping tool,
producing Argumentative Maps that included claims, evidence, and counterarguments
(Schwarz et al., 2003).
Other research on SA has promoted more domain-specific strategies in evaluating and
teaching SA (Böttcher & Meisert, 2011; Lawson, 2003). Lawson’s (2003) Hypothetico-predictive
Argument Framework provides one such strategy. In this form of SA, students focus first on
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testing possible explanations of natural phenomena in science and then form their scientific
arguments around the evidence they collected.
More recent work on SA has attempted to connect SA to real-world contexts, often
through the use of socioscientific issues (SSI; Dawson & Venville, 2013; Iordanou &
Constantinou, 2015; Zeidler, 2014). SSIs are controversial, real-world issues that involve
scientific, moral, and ethical dimensions (Sadler et al., 2007). The use of SSI in SA instruction has
shown promise to increase student engagement by providing purpose for an argument
(Cavagnetto, 2010). Iordanou and Constantinou (2015) found that the use of SSI, paired with
scaffolding of argument structure yielded improvements in students’ SA abilities.
Recent work has also explored the potential connection between NOS and SA (Khishfe,
2012b, 2017). Khishfe (2012b) found correlations between aspects of NOS understanding and
SA skill components in 11th-grade science students. In this study, student abilities in the
application of both NOS and SA were evaluated in the context of two SSIs. Students produced
written responses to open-ended questions designed to evaluate both NOS and SA. Results
indicated that some aspects of NOS understanding were correlated with SA skill components.
The study also found that the connection between NOS and SA seemed to vary based on the SSI
used to test the connection (Khishfe, 2012b), although formal quantitative analysis of this
difference was not undertaken as part of the study design. A further study using four SSIs
revealed no correlations between NOS and SA components, although findings pointed to
possible cultural and social factors affecting student responses (Khishfe et al., 2017).
Few other studies have explored the potential link between NOS and SA (McDonald,
2017), but the potential benefit of the link cannot be ignored. If greater NOS understandings
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correlate with SA skill, interventions that reinforce NOS understandings may have a positive
effect on SA (Khishfe, 2012a; Walker & Zeidler, 2007) or vice versa (Bell & Linn, 2000; Eastwood
et al., 2012), thus achieving two science instruction goals concurrently.
More research is needed to confirm whether or not a correlation exists between NOS
and SA (Soysal, 2015), and also whether other characteristics of the SSIs utilized in instruction
may either activate or silence the connection between the two constructs (Khishfe, 2012b).
The current study seeks to extend previous scholarly work on the potential connection
between NOS and SA (Khishfe, 2012b, 2014; Khishfe et al., 2017). The study used a modified
version of the Controversial Socioscientific Issues Questionnaire (CSI), an assessment instrument
employed in previous work on the topic (Khishfe, 2012b). As with Khishfe (2012b), correlations
between student NOS understanding aspects and SA skill components were assessed in the
context of two SSIs. In contrast to previous studies exploring the connection between NOS and
SA, this study was conducted with US-based student participants. Previous closely related
studies were conducted with students from Lebanon and Saudi Arabia or with US-based
students in lower grades (Khishfe, 2012b, 2014; Khishfe et al., 2017).
The current study also extends the research by using a quantitative approach to
determine whether characteristics including familiarity of SSI, previous knowledge of SSI, and
personal relevance of SSI may impact students’ application of NOS understanding and SA skill.
By learning how these characteristics influence the students’ use of NOS and SA in context,
teachers may be able to strategically select SSIs for their instruction to maximize student
learning.
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Problem Statement (Research Questions)
This dissertation is the report of an empirical study gauging the extent of correlation
between high school science students’ nature of science (NOS) understanding and scientific
argumentation (SA) skill using socioscientific issue (SSI) scenarios. The first chapter presents
background for the study, its significance to science education research, an overview of
methods used, limitations and delimitations of the study, and some definitions of key terms
used.
Given the background and the need for continuing research in this area, the following
research questions were explored through this study:
Research Question 1: To what extent and in what way does nature of science
(NOS) understanding correlate with scientific argumentation (SA) skill when
addressing a socioscientific issue (SSI)?
Research Question 2: To what extent and in what way does the correlation
between the measured level of NOS understanding and SA skill vary with SSI
scenario?
Research Question 3: To what extent and in what way does the measured
level of NOS understanding or SA skill differ with SSI scenario?
Research Sub-question 3A: To what extent and in what ways does the
measured level of NOS understanding vary with familiarity, prior
knowledge, or personal relevance of SSI scenario?
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Research Sub-question 3B: To what extent and in what ways does the
measured level of SA skill vary with familiarity, prior knowledge, or
personal relevance of SSI scenario?
Professional Significance of the Study
Both NOS and SA are important focal points of science education, based on recent
reform-based standards documents (National Research Council, 2012; NGSS Lead States,
2013c), yet explicit instruction in NOS “often reduces to a narrow list of descriptive tenets
about science” (Höttecke & Allchin, 2020, p. 643). These authors argue that decontextualized
treatment of NOS negates its value and potential impact on students’ scientific literacy.
Scientific argumentation is also often taught in a decontextualized manner, focusing on logic
features while ignoring science content that is integral to the process (Cavagnetto, 2010;
Sampson & Clark, 2008). The use of SSI in science instruction may provide the platform to
access both NOS and SA more effectively in context (Allchin & Zemplén, 2020), and a
correlation between NOS and SA would suggest that teaching one may have a positive effect on
the other.
This study builds on academic research completed internationally. To the author’s best
knowledge, no studies have previously been carried out in the United States that explore the
correlation of high school students’ NOS understanding and SA skill in the context of SSIs. Two
studies have been undertaken in Lebanon and Saudi Arabia that explore similar questions
(Khishfe, 2012b, 2014). By conducting a similar quantitative research study with US-based
participants of the same grade level, direct comparisons could be made between student
samples.
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Additionally, the findings of this study have implications for future interventions
designed to improve NOS understanding and SA skill. Because correlations between NOS and
SA were observed through data analysis, it may be appropriate to test the effect of NOS
interventions on SA and vice versa on US-based student participants. Work in this area would
provide valuable comparisons to the small number of international studies that have tested the
effect of NOS on SA and vice versa, as several authors have noted that research in this area is
underdeveloped (Khishfe, 2014; Soysal, 2015).
This study also extends current research by attempting to quantify the influence of
characteristics (familiarity, prior knowledge, and personal relevance) that may affect the extent
to which NOS understanding or SA skill is activated in students in the context of SSI. Previous
closely related studies have used only qualitative data from interviews to explore these
characteristics (Khishfe, 2012b, 2014, 2017), while this study used quantitative analysis to
evaluate the influence of these characteristics.
The quantitative analyses of characteristics that affect the activation of NOS
understanding or SA skill in the context of an SSI demonstrate the need for more quantitative
research into SSI optimization. While this study did not find clear evidence that personal
relevance of an SSI influences the application of NOS understanding or SA skill, previous
qualitative evidence from Saunders and Rennie (2013) suggests that the use of personally
relevant SSIs increases student engagement.
Overall, the professional significance of this study lies in the way it adds to the body of
research on (a) the connection between NOS understandings and SA skill, and (b) the effects of
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SSI characteristics on applications of NOS understandings and SA skill, while (c) using a unique
sample that has not been studied previously.
Delimitations and Limitations
Delimitations
Although the ideal outcome of a quantitative study such as this one would be broad
generalizability, there are some delimitations in study design that must be noted. First, the
study was conducted in a specific geographic region of the United States, so any findings may
not necessarily be assumed to have generalizability outside the region. Additionally, data were
gathered from a public high school in a suburban community, so generalizability may not
extend to rural or urban students. The student population of the research site was
predominantly non-Hispanic white, so the results of the study may not be representative of
other ethnicities’ experiences. Sample size for this study was also smaller than ideal (N = 195),
especially considering previous research on the correlations between aspects of NOS
understanding and SA skill components have shown mostly small effect sizes (Khishfe, 2012b,
2014; Khishfe et al., 2017).
Because the design of the current study included no intervention, comparisons between
variables were limited to correlations. As such, no causation can be inferred from any reported
relationships between NOS and SA variables. A strong NOS-SA correlation may indicate a
relationship, but it provides no way of determining whether greater NOS understanding leads
to better SA skills, or vice versa. Future research involving controlled studies may establish
causation, but such an exploration is not included in this study.
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The study is also limited by the number of SSI scenarios used. For practical reasons
including participant time and availability of coders, only two SSI scenarios were used. A more
complete study could include more SSIs on more topics. However, due to natural variations in
student experience, there was adequate variability in student familiarity, prior knowledge, and
personal relevance of the SSIs used to yield meaningful findings into how these characteristics
influence the measured level of NOS understanding and SA skill among students.
Despite these delimitations, the findings of this study allow for relatively close
comparisons to previous work on the topic, as much of the methodology used in this study is
closely tied to previous research.
Limitations
It is important to discuss potential limitations of any education research in the current
moment, as data collection for this study occurred on the heels of a crushing pandemic that
disrupted in-person high school instruction nationally (Decker et al., 2020). Instruction in
science and even implicit instruction in NOS or SA may not have occurred in a way that it
normally would, if not for the pandemic. Additionally, the student sample gathered may not
fully represent a pre-pandemic student population, as student enrollment and attendance have
both been impacted by the COVID-19 pandemic (Lieberman, 2020). However, as the study
described in this dissertation does not assess any previous explicit instructional intervention,
the findings still have value to future research.
Other limitations of the study may be functionally independent of the pandemic. For
example, this study relied on participants reading and responding to socioscientific scenarios
presented in paragraph-length vignettes. Students who struggle with reading comprehension
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and English Language Learners (ELL) may have encountered difficulties in completing the openended questions of the instrument that are unrelated to their underlying abilities to apply NOS
understandings or generate cogent scientific arguments. In a similar vein, time constraints due
to the classroom setting used for data gathering may have impacted student responses on the
instrument. Students who are slower processors may not have had adequate time to form their
responses to their fullest potential.
In terms of instrumentation, the mainline data were gathered using an instrument with
established content validity and reliability. However, several items were added to this
instrument to allow participant self-reporting of their familiarity with the debate surrounding
the SSI, their prior knowledge of the scientific concepts connected to the SSI, and the personal
relevance of the SSI. These items have not been used in previous studies in a quantitative way,
and they have not been validated by a body of experts.
Despite these limitations, the data gathered in this study is instructive in answering the
research questions and provides insight into the relationship between NOS and SA for high
school students in the context of an SSI.
Definitions of Key Terms
Epistemological Beliefs/Views
Beliefs related to the generation and character of knowledge (Sandoval, 2003). Within
science education research, this term is sometimes used to describe student beliefs and their
degree of alignment with NOS understandings pertaining to the generation and character of
scientific knowledge (Deng et al., 2011).
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Nature of Science (NOS) Understandings
A set of principles that explain how scientific knowledge is generated, reviewed, shared,
and revised in light of new evidence (Lederman & Lederman, 2014). The following precepts are
prioritized in this study:
1. Science knowledge is subjective- different experts sometimes draw separate
conclusions from the same data.
2. Science knowledge is tentative- it can change in light of new evidence.
3. Science knowledge is empirical- it relies on data as evidence to draw its conclusions.
Scientific Argumentation (SA) Skill
The ability to construct a logical argument, supporting a scientific claim with appropriate
empirical evidence and theoretical backing (Driver & Newton, 2000). The components of a
scientific argument as conceptualized for this study include argument, counterargument, and
rebuttal, consistent with Khishfe’s (2012b) definitions for previous closely related research.
Scientific Literacy
“The knowledge and understanding of scientific concepts and processes required for
personal decision making, participation in civic and cultural affairs, and economic productivity”
(National Research Council Center for Science, 1997, p. 22).
Socioscientific Issues (SSI)
Controversial, real-world issues that involve scientific, moral, and ethical dimensions
(Sadler et al., 2007). These issues “involve the deliberate use of scientific topics that require
students to engage in dialogue, discussion, and debate” (Zeidler & Nichols, 2009, p. 49).
Prominent examples in science education research include genetically modified foods (Dawson

13

& Venville, 2013; Walker & Zeidler, 2007), global warming (Sadler et al., 2004; Zeidler et al.,
2002), and health effects of technology-based radiation (Albe, 2008; Kolstø, 2006).
Conclusion of Chapter
This chapter has introduced a quantitative study in which the correlation between NOS
understandings and SA skill in the context of SSIs were explored. The background of the study
was introduced, in which the importance of both NOS and SA in science education was
presented, and current research in both areas was briefly addressed. The need for additional
research into better supporting the development of NOS and SA was discussed, and the
potential for this study to add to emerging science education research was explained. The
methodology of the study was briefly shared, and the study’s delimitations and limitations were
identified. Finally, definitions of key terms, as used in this study moving forward, were stated.
In the following chapter, theoretical grounding for the study is explored in-depth with
attention given to scholarly understanding of NOS instruction, SA instruction, and the use of SSI
in science instruction. Empirical studies that seek to improve outcomes in NOS and SA are
reviewed, and the potential benefits of SSI use are described.
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Chapter 2
Introduction
This chapter summarizes the research and literature related to Nature of Science (NOS),
Scientific Argumentation (SA), and the link between these two constructs in the context of
socioscientific issues (SSI). This chapter is separated into three sections: (a) theoretical
frameworks and empirical research of NOS, (b) theoretical frameworks and empirical research
of SA, and (c) theoretical background and recent research at the intersection of NOS, SA, and
SSI.
In many ways, the constructs of Nature of Science (NOS) and Scientific Argumentation
(SA) have shaped modern philosophy of science education (McDonald, 2017). Both are
considered important to the development of scientific literacy, a shared goal for students in
science education found in standards documents from all over the world (Lederman et al.,
2013).
To achieve this shared goal, researchers and theorists within science education have
committed decades of effort to defining the NOS and SA constructs, measuring those
constructs in students and teachers, and exploring interventions that may result in higher
achievement in both constructs (Kelly, 2014; Lederman & Lederman, 2014). More recently, a
small subset of science education researchers has begun to explore the potential connection
between NOS and SA, theorizing that a potential link between these two constructs might be
leveraged to increase achievement in one or both (McDonald, 2017).
Undergirding the research into the potential connection between NOS and SA is the
strategic use of authentic contexts. Socioscientific Issues (SSI), context-rich scenarios that
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include both scientific and ethical/moral dimensions (e.g., the production of genetically
engineered foods) are frequently employed to assess student understanding of the
development of scientific knowledge (NOS), and also allow students to construct reasoned
arguments that rely on evidence (SA; Yueh-Hsia et al., 2010).
Chapter two presents the main theoretical frameworks guiding NOS and SA research.
Seminal and contemporary empirical research in both of these areas is also described, with
priority given to studies that align with the research questions of the current study. For
example, special attention is paid to research in SA and NOS that have used and analyzed SSI in
a central way. Finally, the small number of studies that examine the intersection of NOS, SA,
and SSI are described, with a focus on the research that is most closely aligned with the current
study.
Nature of Science
The Consensus View
NOS and constructs within the same general core meaning have been actively
researched within science education for more than a half-century (Bell et al., 2001). While
many definitions of NOS have been proposed over that time, most modern researchers affirm a
definition of NOS that has become known as the consensus view (Lederman, 2007; McComas et
al., 2002). According to Lederman and Lederman (2014), the consensus view of NOS holds that
1) Scientific knowledge is tentative. It can change over time in light of new evidence.
2) Scientific knowledge is empirical. It is derived from careful observation of the natural
world and gives priority to evidence when generating claims.
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3) Scientific knowledge is subjective. Because scientific knowledge is generated through
the interpretation of empirical evidence, experts could reach different conclusions
based on the same evidence.
4) The scientific enterprise is creative. Scientific hypotheses and methodologies are often
the result of researchers’ creative thinking.
5) The scientific enterprise is socially and culturally embedded. It is conducted by humans
and research directions, observations, and conclusions are influenced by the social and
cultural context in which they occur.
Some sources include other main tenets of NOS, including (a) the difference between
observations and inferences, and (b) the relationship between scientific theory and scientific
laws (National Science Teaching Association, 2020; NGSS Lead States, 2013c).
Importance and Standing
The rationale for the incorporation of NOS into the science education curriculum has
been tightly connected to its perceived ability to increase scientific literacy (Abd-El-Khalick &
Lederman, 2000; Lederman et al., 2013). Scientific literacy has been defined as the “knowledge
and understanding of scientific concepts and processes required for personal decision making,
participation in civic and cultural affairs, and economic productivity” (National Research Council
Center for Science, 1997, p. 22). A key component to making informed decisions relating to
science comes from an understanding of how scientific knowledge is produced (NGSS Lead
States, 2013c). In addition, the ability to filter reliable scientific information from pseudoscience
or misinformation has become a more central focus within the field (Höttecke & Allchin, 2020).
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NOS understandings figured prominently in reform documents of the late 20th century
(American Association for the Advancement of Science, 1993; National Research Council, 1996;
National Science Teaching Association, 1982). However, in the most recent reform documents,
NOS understandings have been subsumed under science and engineering practices (NGSS Lead
States, 2013a). While at first glance this seems like a demotion, the authors of NGSS included
Appendix H, which asserts that NOS understandings go beyond doing science and engineering
practices, and extend to knowing how scientific knowledge is generated, validated, and
communicated (NGSS Lead States, 2013c). The authors of Appendix H argue that “students
should develop an understanding of the enterprise of science as a whole—the wondering,
investigating, questioning, data collecting and analyzing” (NGSS Lead States, 2013c, p. 1). The
authors go on to propose eight declarative Understandings about the Nature of Science that
correlate with tenets of the consensus view of NOS; each understanding includes grade-level
appropriate elaboration (NGSS Lead States, 2013c). Despite the inclusion of Appendix H, some
proponents of NOS education have criticized the NGSS as omitting important components of
NOS understandings related to creativity and subjectivity (McComas & Nouri, 2016). Olson
(2018) makes a more generalized critique, arguing that the guidance provided in the NGSS does
not include sufficient conceptual or pedagogical support for teachers to create meaningful NOS
education experiences for their students.
Theoretical Frameworks for the Nature of Science and Influencing Student Conceptions of the
Nature of Science
Research within the field of NOS in the 21st century has attempted to define how NOS
understandings should be conceptualized, and how those conceptualizations might be used to

18

both assess and improve NOS outcomes for students (Höttecke & Allchin, 2020; Lederman &
Lederman, 2014). This research in theoretical frameworks of NOS is characterized by several
tensions, including (a) the tension between metacognitive and epistemological applications of
NOS, (b) the tension between the use of the consensus view and more complex views of NOS,
and (c) the tension between developing NOS understandings and the ability to apply NOS
understandings across contexts.
Personal vs. Professional
Hogan (2000) proposed a framework for NOS understandings that conceptualizes the
construct in two categories: proximal knowledge and distal knowledge. The proximal
knowledge of NOS relates to the way in which the understandings have bearing on the day-today science learning experiences of students. In effect, proximal knowledge attends to how
NOS understandings influence the learning strategies of students and their perspectives on the
scientific knowledge they generate. Hogan (2000) then defines distal knowledge of NOS as
understanding how scientific knowledge is generated, validated, and communicated by
professionals. By focusing on these two areas of NOS separately, teachers might tailor their
methods to be more explicit in their instruction and the goals when teaching NOS concepts.
The distal/proximal view of NOS grounds itself in domain-general frameworks in the
learning sciences. Hogan (2000) argues that proximal knowledge of NOS is a form of
metacognitive knowledge (knowledge of one’s own thinking and learning process) while distal
knowledge in NOS connects to epistemological knowledge (belief system about the nature and
limits of truth and knowledge). This framework has inspired a fruitful line of research in both
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metacognition and development of epistemic beliefs within NOS in science education (Peters &
Kitsantas, 2010; Sandoval, 2003; Schraw et al., 2006; Thomas, 2012).
Consensus View vs. More Complex Approaches
Consensus View Frameworks. Research studies in NOS often begin with a discussion of
definitions, because the precise definition of NOS is seldom agreed upon (Lederman &
Lederman, 2014). However, studies that explore student NOS understandings often arrive at a
common set of assertions that are written in standards documents and frequently used in the
development of NOS assessment instruments (Abd-El-Khalick, 2014; NGSS Lead States, 2013c).
This common set of assertions is often referred to as the consensus view (McComas et al.,
1998), and a great deal of research in NOS utilizes this viewpoint as the foundation for
conceptualizing student NOS understanding.
Deng et al. (2011) conducted a critical review of research on student NOS
understandings. The researchers analyzed 105 empirical studies on student NOS
understandings from 1991-2010 to explore and categorize theoretical frameworks,
methodologies, and outcomes. Of the 105 studies analyzed, 96 utilized approaches consistent
with the consensus view of NOS.
In exploring theoretical frameworks for defining and assessing students’ levels of NOS
understandings, Deng et al. (2011) found three main categories: unidimensional (UD),
multidimensional (MD), and argumentative resource (AR) frameworks. The UD and MD
frameworks are discussed in the following paragraphs, while the AR framework is addressed in
a later section that explores the intersection of NOS and scientific argumentation.
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The unidimensional framework holds that a student’s conceptions of NOS can be
described on a unidimensional continuum between the empiricist view and the constructivist
view. Students who espouse the empiricist view believe that scientific knowledge is discovered
through observation, experimentation, and the use of the scientific method. Additionally, the
empiricist view holds that scientific knowledge discovered through appropriate methods is
immutable and infallible (Tsai, 1998). In contrast, the constructivist view of NOS is one in which
scientific knowledge is tentative and subject to change in light of new evidence. Students who
hold constructivist views also believe that the interpretations of scientific findings are at least
somewhat subjective, meaning that experts may not always arrive at the same conclusion when
studying a given phenomenon (Tsai, 1998). In this continuum, the constructivist view is seen as
more sophisticated and desirable, as it acknowledges both that scientific knowledge can change
and that its conclusions are the result of human interpretation. Deng et al. (2011) view the UD
framework as inherently limiting for the following reasons: (a) the UD framework ignores any
differences between separate aspects of NOS in students’ conceptions (b) the UD framework
assumes a stable mental construct of NOS understanding that is context-independent (c) in
practice, the assessment tools used to measure NOS in the UD framework tend to be closed
instruments, which contain many Likert-type or other multiple-choice items that require
significant interpretation by student participants.
Perhaps due to these methodological weaknesses, the great majority (N = 85) of studies
examined by Deng et al. (2011) utilized a multidimensional (MD) framework. In the MD
framework, student NOS conceptions are usually understood on a two-dimensional continuum,
in which a number of aspects of NOS drawn from the consensus view (e.g., Scientific knowledge
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is tentative, Scientific knowledge is culturally embedded, etc.) are separately evaluated along a
naïve-to-sophisticated continuum. While some studies analyzed by Deng et al. (2011) found
correlations between student conceptions of NOS aspects, others showed divergent scores
between NOS aspects. The shortcomings of the MD frameworks, according to Deng et al.
(2011), were consistent with the UD framework, in that (a) research in the MD framework
frequently relies on closed instruments (using Likert-type items or multiple-choice questions)
that may not measure the constructs they purport to, and (b) the MD framework assumes that
students have a stable, context-independent structure of mind for each NOS aspect.
Shortcomings of Consensus View Frameworks. Some researchers have recently argued
that the consensus view of NOS has significant shortcomings that should be addressed (Dagher
& Erduran, 2016; Irzik & Nola, 2011). Irzik and Nola (2011) argue that the consensus view has
three major shortcomings, (a) the consensus view presents too narrow a view of science as an
endeavor, ignoring the overall goals of science and accepted methodologies of conducting
science, (b) the consensus view virtually ignores the significant diversity of practice within the
scientific community (i.e., cosmologists approach their work differently than botanists) and (c)
the tensions between elements of the consensus view are not addressed (i.e., Does the cultureembeddedness of science lead to more reliable scientific knowledge, and how could negative
influences be checked?).
The Family Resemblance Approach to NOS. To address these shortcomings of the
consensus view, Irzik and Nola (2011) proposed a new framework for understanding and
teaching NOS—the Family Resemblance Approach (FRA). The FRA to NOS is seen by its creators
as more inclusive to the diversity within the scientific enterprise. NOS in the FRA framework is
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divided into four categories that provide a structural description of NOS: (a) activities, (b) aims
and values, (c) methodologies and methodological rules, and (d) products (Irzik & Nola, 2011).
While the specifics of these four categories may differ somewhat between science disciplines,
there is a shared essence (a family resemblance) that ties each category together within the
scientific endeavor.
Irzik and Nola (2011) argue that the FRA has significant advantages over the consensus
view in that it is more comprehensive than the consensus view and that nearly all elements of
the consensus view can be derived from the FRA. For example, the FRA includes the importance
of science as a form of critical inquiry that relies on generally agreed-upon frameworks for
methodology and review of findings, whereas the consensus view only stresses that there is no
one scientific method (Irzik & Nola, 2011). In addition, the FRA attends to the goals of science in
the aims and values category, which is not an explicitly described component within the
consensus view.
Revision of the FRA. Perhaps the greatest critique of the first iteration of the FRA is in
the way it remains silent on the social and cultural embeddedness of the scientific enterprise
(Kaya & Erduran, 2016). This gap in the FRA led to the development of the Reconceptualization
FRA-to-NOS (RFN) framework, a conceptualization of NOS that includes not only the four
categories in the FRA, but also additional layers of social-institutional interactions (Dagher &
Erduran, 2016).
The FRN can be envisioned as a wheel, with the four categories of the FRA contained in
quadrants at the center. Outside this core of cognitive-epistemic features, a ring of social
influences that include (a) Scientific ethos, (b) Professional activities, (c) Social certification and
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dissemination, and (d) Social values help to visualize interactions between the two levels. Yet
another ring, with institutional influences: (a) Social organizations and interactions, (b) Political
power structures, and (c) Financial systems, are seen to interact with social influences (Dagher
& Erduran, 2016). Figure 1 shows how the inner circle represents the initial FRA in orange,
surrounded by rings of social influences and institutional influences.
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Figure 1
FRA Wheel with Social and Institutional Influence Rings to Complete FRN

Note. From “Eliciting students’ understanding of nature of science with text-based tasks:
insights from new Korean high school textbooks”, by W. Park et al., 2020, International Journal
of Science Education, 42(3), p. 431
(https://doi-org.usd.idm.oclc.org/10.1080/09500693.2020.1714094).
Copyright 2020 by Routledge. Reprinted with permission.
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Although certainly comprehensive, the translation from FRN framework to the design of
science education assessment instruments and curriculum interventions has been identified as
a challenge due to the framework’s complexity (Kaya & Erduran, 2016). Dagher and Erduran
(2016) suggest that the FRN might be best applied to curriculum and science standards analysis.
Declarative Knowledge vs. Applied Knowledge in Context
Student NOS understandings have historically been conceptualized in terms of
declarative knowledge that is stable, irrespective of context (Deng et al., 2011). Abd-El-Khalick
(2014) argues that this is somewhat a manner of convenience, as it allows for assessment
instruments to be used that rely on closed questions, where students’ understandings on
various aspects of NOS can be quickly and easily measured and compared. Studies that rely on
unidimensional or multidimensional frameworks largely fall into this category (Deng et al.,
2011).
However, a growing number of researchers have proposed that student NOS
understandings ought to be conceptualized in the ability of students to apply NOS
understanding in real-world contexts—to evaluate scientific claims and make scientificallyinformed decisions (Allchin, 2011; Höttecke & Allchin, 2020; Yacoubian, 2015). Several
frameworks have been proposed that aim to define how best to assess and promote student
NOS understandings in context.
Critical thinking, NOS, and SSI. Yacoubian (2015) proposes that the use of critical
thinking provides a bridge between NOS understandings as a learning objective and the
application of NOS understandings in the context of socioscientific issues (SSI). In this CT-NOS
framework, students are first presented with background context that sets up the SSI. Next,
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students are asked to think critically about the NOS implications of the SSI. For example, if the
background context were, “Should diesel-burning school buses be banned to prevent childhood
asthma?” NOS implications might ask what type of evidence would support a causal link
between diesel school buses and asthma. Finally, students use NOS understandings as they
think critically about the specific SSI, forming decisions based on the application of their NOS
understandings (Yacoubian, 2015). The need for critical thinking about NOS and the application
of NOS understandings in context are consistent themes in other recent NOS frameworks
(Allchin, 2011; Höttecke & Allchin, 2020).
Whole Science. Allchin (2011) presents the Whole Science framework for NOS as a
model that extends beyond declarative knowledge of NOS tenets, and instead focuses on
functional analysis. In the Whole Science framework, context is central to assessing the level of
a student’s NOS understandings. Within the context of a scenario (e.g., autism and the measles
vaccine) a student’s NOS understandings are evaluated using the following questions, (a) Can
the student identify all the relevant NOS factors? (b) Can they articulate their relevance for
interpreting the reliability of the claim?, and (c) Can they profile key information not provided
and where it may likely be found? (Allchin, 2011). While the consensus view focuses on the
ability of students to make judgments as scientists do, the Whole Science framework recognizes
the inherent limitations of non-scientists’ understandings of real-world issues. The goal for a
student in the Whole Science framework is to understand how the practice of science
contributes to credibility (Allchin, 2011), creating competent interpreters of science, if not direct
practitioners.
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The issue of reliability is central to the Whole Science framework. NOS understandings
are organized into ten Dimensions of Reliability of Science within Whole Science, including (a)
Observations and reasoning, (b) Methods and investigation, (c) History and creativity, (d) The
human context, (e) Culture, (f) Social interactions among scientists, (g) Cognitive processes, (h)
Economics/ funding, (i) Instrumentation & experimental practices, and (j) Communication and
transmission of knowledge. Allchin (2011) argues that by understanding the connections
between these dimensions, it is possible to engage in functional analysis of real-world sciencedriven scenarios and make informed decisions as to the reliability of scientific claims.
In terms of assessment and teaching in Whole Science, Allchin (2011) sees a critical role
for authentic contexts. In this case, authentic contexts refer to real-world scenarios of historical
or contemporary nature that highlight different dimensions of reliability within the scientific
enterprise. For example, the historical scenario of autism and the measles vaccine highlights
issues within the Economics/funding (sources of funding, personal conflicts of interest) and
Communications and transmission of knowledge (fraud or other forms of misconduct)
dimensions of reliability. A teacher-led functional analysis of the scenario provides context-rich
instruction in NOS and an assessment may ask students unfamiliar with the scenario to analyze
the reliability of claims, based on presented evidence.
Nature of Science-in-Society. Recently, the Whole Science framework has been
revisited in light of a rapidly evolving media landscape. Höttecke and Allchin (2020) present the
need for an updated Whole Science framework that elevates the importance of media literacy
in NOS understandings. Media literacy for purposes of the updated framework includes
understanding how (a) algorithms used to aggregate news, (b) filter bubbles, (c) echo
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chambers, (d) spirals of silence, (e) false-consensus effects, (f) fake news, and (g) intentional
misinformation can affect perceptions of reliability when evaluating scientific claims.
Because the focus of Whole Science is determining the reliability of scientific claims in
real-world contexts, anything that may affect student interaction with scientific claims in their
real-world contexts (including exposure through social media, etc.) should be incorporated into
the framework (Höttecke & Allchin, 2020). The authors define this updated framework as
nature of science in society (NOSIS). Teaching the NOSIS framework requires explicit instruction
in media literacy with special attention paid to how mediation of scientific knowledge (from
experts to citizen-consumers) may be manipulated intentionally or unintentionally to alter lay
people’s views of a scientific claim’s reliability (Höttecke & Allchin, 2020).
NOS Frameworks Summary
Influential frameworks for the conceptualization of NOS grew out of domain-general
studies of epistemology to describe how students think about the development and character
of scientific knowledge (Duschl & Grandy, 2013; Sandoval, 2003). Some frameworks have
categorized NOS understandings by their use, connecting to either every-day use of science in
students’ lives or the professional development of scientific knowledge by scientists (Hogan,
2000). Other framework proposals build out from the consensus view of NOS, in which
students’ NOS understandings can be evaluated against a set of ideal NOS tenets (Deng et al.,
2011). More recently proposed frameworks of NOS seek to extend beyond the consensus view
by including a more detailed view of scientific practice with outside influences (Dagher &
Erduran, 2016; Irzik & Nola, 2011; Kaya & Erduran, 2016), and by prioritizing the application of
NOS understandings in authentic contexts (Allchin, 2011; Höttecke & Allchin, 2020).

29

Major Lines of Empirical Research on NOS
Empirical research on NOS is as varied as the numerous frameworks that are designed
to define its scope, assessment, and instruction. However, there are two categories that can be
used to characterize much of the empirical research in NOS: (a) research into explicit vs. implicit
intervention strategies, and (b) research into context-general vs. context-specific NOS
understandings (Deng et al., 2011; Lederman & Lederman, 2014; McComas et al., 1998). The
following section describes major studies and meta-analyses in NOS empirical research,
including research on the use of SSI as context to support and evaluate NOS understandings.
Level of NOS Understanding in Science Students
Prior to a discussion of recent research on NOS, it may be helpful to briefly consider the
baseline state of students’ NOS understandings. Several large-scale studies have attempted to
assess NOS understandings in students around the world.
Kang et al. (2005) conducted a study in which the researchers used a 5 multiple-choice
item survey based on the Views on Science-Technology-Society (VOSTS) instrument. This
instrument, developed by Aikenhead and Ryan (1992), is designed to assess students’
understandings of (a) the purpose of science, (b) definition of a scientific theory, (c) nature of
models, (d) tentativeness of scientific theory, and (e) the origin of scientific theory. The study
included responses from over 1500 Korean students, with relatively equal proportions from
grades 6, 8, and 10. The researchers found that overall, the number of students who held
appropriate views of NOS was low. Additionally, no significant differences were found between
NOS views at the three grade levels tested.
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Using a similarly derived assessment instrument, Dogan and Abd-El-Khalick (2008)
conducted a nation-wide survey of NOS understandings in Turkey. This study used a 14question version of the VOSTS instrument and analyzed responses from over 2,000 Turkish
students in grade 10. A majority of students held “naïve” (lowest level) views of NOS across a
majority of NOS aspects assessed (Dogan & Abd-El-Khalick, 2008).
In a review of 105 empirical studies on NOS by Deng et al. (2011), student conceptions
were divided into categories by theoretical framework. In studies where NOS was measured
along a single dimensional continuum (unidimensional framework), students consistently
revealed empiricist views, holding the belief that scientific knowledge is immutable and
infallible if the appropriate scientific method is followed (Tsai, 1998). For studies that assessed
students’ NOS understandings separately across different aspects of NOS, the results were
more mixed. Students often showed informed views for some aspects of NOS, and naïve views
for others (Deng et al., 2011). Students generally held to the view of scientific knowledge as
“numbers and concepts that can be transmitted by textbooks” and struggled to identify
differences between scientific laws, theories, facts, evidence, and hypotheses (Deng et al.,
2011, p. 972). However, some MD studies show students generally hold the view that “science
is affected by scientists’ existing theories and their social/cultural values” (Deng et al., 2011, p.
972).
Taken in total, there is a consensus that students do not have informed and
sophisticated NOS understandings (Deng et al., 2011; Dogan & Abd-El-Khalick, 2008; Kang et al.,
2005), and interventions beyond the science education status quo are necessary to improve
student outcomes in NOS (Abd-El-Khalick, 2014; Lederman & Lederman, 2014).
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Explicit vs. Implicit NOS Interventions
One of the main areas of research in NOS seeks to determine whether an explicit
reflective approach or an implicit approach is more effective at increasing NOS understandings.
The explicit reflective approach often involves direct instruction in the aspects of NOS, usually
with some contextual backing (Lederman, 2007). The implicit approach, in contrast, relies on
the idea that by participating in science inquiry-based activities or science process skill
development, students will naturally develop an understanding of the nature of science (AbdEl-Khalick & Lederman, 2000).
Explicit Interventions in NOS. A historical science example was used by
Paraskevopoulou and Koliopoulos (2011) in an explicit teaching intervention designed to
increase student NOS understandings in 10th-grade students. In the study, students received
instruction on aspects of NOS as they learned about the Millikan-Ehrenhaft dispute, a
disagreement between two preeminent early 20th century physicists over the nature of electric
charge. The seven-unit intervention focused on (a) the empirical aspect of NOS, (b) the
creative/imagination aspect of NOS, (c) the subjective aspect of NOS, and (d) the distinction
between observation and inference (Paraskevopoulou & Koliopoulos, 2011). The researchers
noted significant movement in NOS understandings from naïve to informed for this explicit
approach, based on pre/post questionnaire results, utilizing a modified version of an
instrument developed by Khishfe and Lederman (2006). It is important to note that this
questionnaire included four open-ended questions with sub-questions that were designed to
evaluate generalized NOS understandings (e.g., Do scientists use their imagination and
creativity during their research? Explain why or why not?), and one that was directly related to
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the historical example. Results from generalized questions and the specific scenario question
were consistent, providing evidence of context-independent NOS understandings
(Paraskevopoulou & Koliopoulos, 2011).
An intervention using a scientific inquiry-based approach with explicit NOS instruction
interspersed throughout was employed by Khishfe (2008). Seventh grade students participated
in life science inquiry activities including squid dissection and modeling of animals based on
skeletal characteristics, the content goal of which was to learn the structure and function of
living things. Over the 12-week intervention, students also engaged in activities involving
explicit NOS instruction tied to science content from the unit. Students’ NOS understandings
were measured 3 times during the unit with pre-, mid-, and post-NOS surveys from Khishfe and
Lederman (2006). This survey utilized four open-ended questions with sub-questions designed
to evaluate generalized NOS understandings, none of which tied directly to the science content
of the life science unit experienced by students during the intervention. The researchers also
conducted student interviews that elaborated views shared on surveys. Khishfe (2008) found
that students transitioned from mostly naïve views on most aspects of NOS to mostly informed
views at the conclusion of the intervention. The results support the assertion that explicit
instruction in NOS leads to more developed NOS understandings but does not provide a direct
comparison between explicit and implicit instructional models.
Khishfe and Abd-El-Khalick (2002) provide an example of a study in which the explicit
and implicit approaches to NOS instruction were directly compared. The researchers engaged
62 sixth-grade students in an instructional intervention that featured science-inquiry activities
on physical science topics. The treatment group participated in reflective discussions of NOS
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aspects at the conclusion of each science-inquiry activity, while the control group engaged in
discussion of content or science-process skills. Total engagement time was equal between the
two groups. Based on pre/post open-ended surveys of NOS understandings, students in the
control group did not show any improvement in NOS, while students in the treatment group
exhibited gains in their NOS understandings. The results of the study indicated that explicit
reflective instruction in NOS could contribute to improvement in NOS understandings, whereas
participation in science-inquiry activities alone did not appear to have an appreciable effect on
students’ NOS understandings.
Similar results were found in research conducted by Yacoubian and BouJaoude (2010).
In this study, sixth-grade students were separated into two groups, both receiving lab-based
inquiry science instruction. The treatment group engaged in reflective writing and discussion of
NOS connections at the conclusion of their lab activity, while the control group only wrote
about and discussed the purely content-based science of the activity. The intervention included
8 total lab activities structured in this way. Through analysis of pre/post- tests, open-ended
questions, videotapes of student discussions, and interviews, Yacoubian and BouJaoude (2010)
found that reflective writing and discussion of NOS connections after lab-based inquiry
activities improved student NOS understandings, whereas students in the control group
experienced no meaningful change in their NOS understandings. These results added to the
weight of evidence indicating that student NOS understandings are not enhanced by
participation in science-inquiry activities, when explicit reflective NOS instruction is not
included.
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Implicit Interventions in NOS. Recent research focused on the effects of implicit
interventions to improve NOS understandings is somewhat sparse, as multiple meta-analyses
and other recent empirical research indicate that such interventions are ineffective (Abd-ElKhalick & Lederman, 2000; Deng et al., 2011; Khishfe & Abd-El-Khalick, 2002; Lederman &
Lederman, 2014; Yacoubian & BouJaoude, 2010).
However, a few examples of implicit interventions and effects do exist in the literature.
Bell et al. (2003) analyzed the effects of a science-mentorship program on the NOS
understandings of 11-12th grade students. Participants in the study engaged in an 8-week
summer mentorship program that consisted of real-world lab work under the direction of a
professional scientist. Pre/post surveys showed no significant change in NOS understandings for
nine of the ten participants. Exit interviews were used to gain additional insight into student
experiences. The analysis of the data suggested that students gained significantly in their
understanding of scientific inquiry as a process, but not in NOS understandings. The one
exceptional case within the study who did show improved NOS understandings on pre/post
survey was explained by Bell et al. (2003) in terms of epistemic demand. That is, the field of
research the student participated in was one in which competing hypotheses were the norm.
The authors argued that the student may have developed more sophisticated NOS
understandings as a result of her immersion in a field where the subjective, tentative, and
sociocultural aspects of NOS influence day-to-day practice (Bell et al., 2003).
In a detailed observational study, Oliveira et al. (2012) examined how teacher language
might influence student NOS understandings. The researchers argued that the linguistic use of
hedges (words used to soften the certainty of a statement) and boosters (words used to
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emphasize certainty and commitment to a statement or position), may implicitly affect the NOS
understandings of their young students. The linguistic patterns of two elementary teachers
were analyzed for the use of hedges (e.g.: perhaps) and boosters (e.g.: absolutely) during
science inquiry instruction. Teacher discussions that predominantly used hedges led to the coconstruction of scientific knowledge with uncertainty intact (tentativeness), whereas teacher
discussions that included more boosters led to the co-construction of scientific knowledge
without uncertainty. The use of hedges is supported by Oliveira et al. (2012) to implicitly
reinforce the tentativeness of scientific knowledge.
Overall, research in NOS supports the use of explicit reflective interventions to increase
NOS understandings in students (Abd-El-Khalick & Lederman, 2000; Deng et al., 2011;
Lederman & Lederman, 2014). Implicit strategies that seek to impart NOS understandings
through the use of other science activities, such as science inquiry, have not been as effective
(Khishfe & Abd-El-Khalick, 2002; Yacoubian & BouJaoude, 2010).
NOS Understandings and Context
Much empirical research over the years in NOS has conceptualized NOS understandings
as structures of mind that do not vary across contexts (Lederman, 2007). From a research
perspective, it is tempting to assume that NOS understandings exist in a stable way, irrespective
of the scenario to which they are applied. However, research in this area provides a much more
complex picture, with context frequently influencing the application of student NOS
understandings (Khishfe, 2017, 2019; Sadler et al., 2004; Urhahne et al., 2011).
Comparing NOS Understandings in the Context of Scientific Theories. In a large study
of 221 high school students, Urhahne et al. (2011) attempted to measure and compare general
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NOS understandings to NOS understandings in the context of 10 scientific theories. Students
first completed a 40-item questionnaire designed to assess general NOS understandings across
seven dimensions, (a) source, (b) certainty, (c) development, (d) justification, (e) simplicity, (f)
purpose, and (g) creativity. The questionnaire consisted of 5-level agreement Likert-type items.
Separately, each student completed a contextual questionnaire in which they were asked 10
Likert-type questions for each of 10 scientific theories (e.g.: continental drift, big bang, dinosaur
extinction). Additionally, students were asked how familiar they were with each scientific
theory and how important they thought the theory was. Statistical analyses showed small to
moderate correlations between general NOS understandings and context-specific NOS
understandings. However, the strength of correlations differed across contexts. Urhahne et al.
(2011) noted that context-specific and general NOS understandings may share a “mutual core”
(p. 707).
Khishfe (2017) also attempted to establish whether consistency in NOS understandings
existed across scientific theory contexts. Khishfe (2017) analyzed data gathered from 261 high
school students. The instrument used to gauge student NOS understandings on tentative,
empirical, and subjective aspects included 5 open-ended questions with sub-questions on 3
scientific theories, including structure of the atom, dinosaur extinction, and plate tectonics.
Analysis of results showed that only half of the students exhibited consistent views on the
empirical aspect of NOS, and fewer than 20% of students had consistent views on the tentative
and subjective aspects of NOS across scientific theory contexts.
NOS Understandings and SSI. The use of socioscientific issues (SSI) as a context for NOS
research has garnered attention in two ways, (a) to examine and better understand students’
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applications of NOS understandings in context of SSIs, and (b) as a means to increase NOS
understandings through explicit and reflective instructional practices that feature the
examination of SSIs (Zeidler, 2014).
Student Application of NOS Understandings in Context of SSI. Sadler et al. (2004)
studied how students applied their NOS understandings to an SSI that presented conflicting
evidence. Eighty-four high school students were presented with fabricated news briefs that
presented opposing views on the SSI of global warming, along with evidence to support those
views. Students were asked to respond to five open-ended prompts that were designed to
assess the way in which students may use their NOS understandings to (a) explain the
difference between the conclusions in the news briefs, and (b) decide which of the news briefs
seems more credible. Through analysis of the results, the researchers found that students
struggled to identify and describe data appropriately in their responses, and that previously
held personal beliefs influenced their responses at least as much as their level of NOS
understandings.
Zeidler et al. (2002) specifically probed students’ application of NOS understandings to
SSI that ran counter to their previously held personal beliefs. High school students first
completed a 4-item open-ended questionnaire that was designed to assess general NOS
understandings in the aspects of its (a) tentativeness, (b) empirical nature, (c) social and
cultural embeddedness, and (d) use of creativity and imagination. Next, students read a
vignette about the use of animals in research and were asked to state their level of agreement
with the statement, “Animals should be used for research.” Three more open-ended prompts
allowed students to further elaborate and provide justification for their position. The authors
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found that some students used general NOS understandings identified to support their
positions on the SSI, but many others relied on social and religious considerations. Consistent
with Sadler et al. (2004), Zeidler et al. (2002) found decision-making and reasoning with SSI is a
complex process in which students draw upon a variety of cognitive and emotional resources.
While the research discussed above analyzed students’ application of NOS
understandings to SSI, it did not attempt to identify potential differences in their application
across different SSIs. In Khishfe’s (2017) study, researchers attempted to see whether NOS
understandings were applied consistently between two different SSI contexts (global warming
and genetically modified foods). Students responded to a set of open-ended questions (e.g., Do
you think scientists are certain about global warming? Explain what makes them certain or
uncertain.) designed to evaluate level of NOS understandings, separately for two SSIs.
Responses were coded as naïve, intermediate, or informed. The researchers then analyzed each
individual’s scores for consistency in the application of NOS understandings. For example, a
student whose responses were coded as naïve for the subjective aspect in both SSIs would
qualify as consistent. Results showed a low level of consistency between the two SSIs, with 99%
of students showing inconsistency in the application of the tentative aspect of NOS and 91%
showing inconsistency in the subjective aspect of NOS. It is important to note that students in
this study had not received prior instruction on NOS understandings. The findings of Khishfe
(2017) are consistent with other research that points to complex application of NOS
understandings with other reasoning resources when students are confronted with SSIs (Sadler
et al., 2004; Zeidler et al., 2002).
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To improve the application of NOS understandings across contexts, researchers have
recommended the use of explicit instruction on NOS and its application in the context of SSIs
(Khishfe, 2017; Sadler et al., 2004; Zeidler et al., 2002). One recent study has attempted to
quantify the effects of such instruction on middle school students. Khishfe (2019) studied the
transfer of NOS understandings across scientific and socioscientific issues after a seven-week
intervention focused on explicit instruction on NOS understandings. A comparison group
received the same science instruction and same engagement time, but no explicit instruction in
NOS understandings. The researchers found that (a) the students who received explicit
instruction in NOS understandings improved overall, and (b) the transfer of acquired NOS
understandings decreased as similarity of context decreased. These results suggest that content
knowledge plays a role in the application of NOS understandings to SSI (Khishfe, 2019), a
conclusion that is consistent with research on the variable application of NOS understandings
across contexts generally (Khishfe, 2017; Urhahne et al., 2011).
Increasing NOS through the use of SSI-based Interventions. While one line of research
in NOS and SSI has sought to better understand how students apply their NOS understandings
to SSI, another has attempted to determine whether SSI-based interventions can be used as
tools to increase overall NOS understandings in students (Zeidler, 2014). Some evidence has
pointed to the use of SSI-based instruction as a viable way to boost student NOS
understandings. Wongsri and Nuangchalerm (2010) investigated the impact of a global warming
SSI-based curriculum on content achievement, analytic thinking, and moral reasoning in 7thgrade students. Half of the sample of 72 students received conventional instruction, while the
other half received instruction using the SSI-based curriculum. The researchers noted
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significantly larger increases in content achievement and analytic thinking scores tied to NOS
understandings in the SSI-based treatment group, compared to the control. These findings
suggest that SSI-based curriculum may provide benefits in the science classroom relating to
both content knowledge and the development of sophisticated NOS understandings.
Similar results were obtained by Bell et al. (2011), who compared the effects of explicit
NOS instruction both within the context of an SSI and decontextualized as general instruction.
Among college students in a science methods class, one group was taught about global
warming with embedded NOS instruction, while another was taught about global warming and
NOS separately. While both groups showed similar improvements in NOS understandings, the
group that received NOS instruction embedded within the SSI showed greater ability to apply
their understandings to a novel context.
Other studies have not shown such clear advantages of SSI-based instruction for the
development of NOS understandings (Eastwood et al., 2012; Khishfe & Lederman, 2006).
Khishfe and Lederman (2006) studied the effect of embedding explicit NOS instruction tied to
an SSI into environmental science instruction for 9th graders. Half of the students in the study
received six weeks of explicit NOS instruction that dealt directly with global warming (the
environmental science SSI) while half received explicit NOS instruction that was not directly tied
to global warming. The results showed slightly higher NOS understanding increases in the group
receiving explicit NOS instruction tied directly to the SSI. However, the results also showed that
students in the control group (receiving general NOS instruction) saw greater increases for
students who had the lowest pre-test NOS understandings.
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Eastwood et al. (2012) also compared SSI-based curriculum to conventional curriculum
head-to-head, utilizing a full academic year-long intervention. Seventy-eight students in grades
11 and 12 were separated into two groups, with one group receiving a traditional version of an
anatomy and physiology course, while the other received an SSI-based curriculum. Both groups
received explicit and reflective NOS instruction, with the SSI-based group receiving NOS
instruction specifically in the context of the SSIs used. An open-ended questionnaire designed
to determine students’ NOS understandings on six aspects of NOS was administered at the
beginning of the school year and again at the conclusion of the year-long intervention. Both
groups (SSI and traditional) showed statistically significant gains in all six aspects. While there
were no significant differences noted quantitatively in gains, the researchers’ qualitative data,
based on student interviews, showed that students in the SSI group were able to justify their
responses to questionnaire items using relevant SSI examples more often than students in the
traditional group. This finding may indicate that sustained use of SSI may have subtle or latent
positive effects on NOS understanding that are currently unaccounted for with available
assessment instruments (Eastwood et al., 2012).
Summary of Empirical Research in NOS
Empirical research in NOS has shown that the baseline level of NOS understandings
among students across regions and grade levels is low (Deng et al., 2011; Dogan & Abd-ElKhalick, 2008; Kang et al., 2005). Through numerous studies and meta-analyses, there is a
consensus that explicit instruction is superior to the implicit approach to increase student NOS
understandings (Abd-El-Khalick, 2014; Abd-El-Khalick & Lederman, 2000; Bell et al., 2011;
Duschl & Grandy, 2013; Khishfe & Abd-El-Khalick, 2002; Lederman & Lederman, 2014). There is
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also ample evidence that context impacts the application of NOS understandings (Khishfe,
2017; Sadler et al., 2004; Urhahne et al., 2011). Research investigating the possibility of SSIbased interventions to improve student NOS understandings has been unclear. Some studies
have shown benefits of the use of SSI (Bell et al., 2011; Wongsri & Nuangchalerm, 2010), while
others have shown negligible effects (Eastwood et al., 2012; Khishfe & Lederman, 2006).
Scientific Argumentation
Definition and Disambiguation
Scientific argumentation (SA) has become a major focus of research within science
education (Berland & Reiser, 2009; Bricker & Bell, 2008; Erduran & Jiménez-Aleixandre, 2007).
Many definitions have been proposed for SA (Jiménez-Aleixandre & Erduran, 2007), but the
framework laid out by Driver and Newton (2000) may provide the best way of capturing the
essence of the construct. These authors propose that scientific argumentation consists of three
main components: (a) a scientific claim, (b) evidence that supports that claim, and (c) reasoning
that provides the logic supporting the credibility and applicability of evidence. This framework
has been used by researchers to develop interventions from kindergarten to post-secondary
levels (McNeill et al., 2006; Windschitl et al., 2018).
Alongside and sometimes conflated with SA is the practice of scientific explanation
(Kelly, 2014). Scientific explanation refers to structures of discourse that seek to describe the
logical pathway to a concept resolution that is known, while SA occurs when the outcome or
endpoint of the discussion is in doubt (Osborne & Patterson, 2011). For example, a student may
engage in scientific explanation in describing how a plant is able to take up water through its
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roots and stem, while scientific argumentation may occur when a student attempts to describe
why a particular plant grew better than others in a controlled experiment.
A somewhat stable core definition for SA allows for comparison of theoretical
frameworks that seek to elaborate on the practice of scientific argumentation and the ways in
which interventions may increase students’ SA skills. Further, empirical studies can be
examined in light of these initial definitions and theoretical frameworks in the sections below.
Importance
Much like the nature of science (NOS), SA has been held up as one of the foundations of
scientific literacy (Bricker & Bell, 2008; Cavagnetto, 2010; Driver & Newton, 2000). As two of
the main goals of becoming a scientifically literate student have been described as “using
appropriate scientific processes and principles in making personal decisions” and “engaging
intelligently in public discourse and debate about matters of scientific and technological
concern” (National Research Council, 1996, p. 13), the development of students’ SA skill is of
central focus to science education (Kolstø, 2001).
Driver and Newton (2000) propose a four-part rationale for the incorporation of SA as a
science curriculum focus. They argue that the use of SA will help students to (a) develop
conceptual understanding, (b) develop investigative competence, (c) understand the
epistemology of science, and (d) understand science as a social practice. Duschl and Osborne
(2002) connected these components of rationale to other proposed reforms in science
education, arguing that student-centered learning must necessarily work with the ideas
students bring to the classroom, in order to build new knowledge. Student-teacher discourse
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including SA could mediate the development of more informed conceptual understandings
(Duschl & Osborne, 2002).
Standing
The importance of SA has been recognized by science education experts and led to a
recent increase in research attention to the area over the past 20 years. An EBSCOHost
Education Complete survey of the Boolean phrase “scientific argumentation” returned just two
scholarly articles from 1990-1999, then 40 scholarly articles from 2000-2009, and 145 scholarly
articles from 2010 and later. The nascent character of SA in the literature is also evidenced by
the lack of a dedicated chapter in the most recent edition of the Handbook on Research in
Science Education (Lederman & Abell, 2014).
Current reform documents have also recognized the importance of SA and have
included the development of SA skills prominently (National Research Council, 2012). Engaging
in argument from evidence (NGSS Lead States, 2013b) is one of 8 science and engineering
practices of the next generation science standards. As a result, grade-level standards from
kindergarten through 12th grade include scientific argumentation language (NGSS Lead States,
2013a). For example, a second-grade standard reads, “Construct an argument from evidence
that some changes caused by heating or cooling can be reversed and some cannot.” (NGSS Lead
States, 2013a, p. 16).
Formal research and recognition of SA skill in science education is recent, but the roots
of the theoretical frameworks that provide the foundation for SA extend back to at least the
1950s (Sampson & Clark, 2008; Toulmin, 1958). In the next section, early foundations of SA
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theoretical frameworks will be discussed along with more recent conceptualizations that build
up to modern applications in empirical research.
Theoretical Frameworks in Scientific Argumentation
Theoretical frameworks for SA in science education largely fall into two major
categories, (a) frameworks that focus primarily on the assessment of SA, then work backwards
to instruction (Sampson & Clark, 2008), and (b) frameworks that propose pedagogical methods
designed to support student engagement in SA (Bricker & Bell, 2008; Kuhn, 2010).
Theoretical Frameworks for Evaluation of Scientific Argumentation
Theoretical frameworks that focus on assessment of SA in science education have their
roots in a domain-general framework from the mid-20th century. Toulmin’s (1958) argument
pattern (TAP) is a framework for analyzing the quality of an argument based on several factors.
First, data is provided. Next, a warrant is provided as a link between the data and a claim,
where the warrant serves as reasoned evidence to support the claim. Backing provides further
evidence and/or reasoning that supports the warrant. Finally, rebuttals or qualifiers are used to
limit the scope of the claim. Figure 2 depicts TAP visually, showing the flow of an argument
from data to claim.
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Figure 2
Toulmin’s Argument Pattern

Note. The structure of an argument using the domain-general TAP framework.

Although TAP was not originally designed for science education, it has been adapted in
assessment tools for students’ SA skill by many science education researchers (Erduran et al.,
2004; Jiménez-Aleixandre & Rodriguez, 2000; Osborne et al., 2004; Zohar & Nemet, 2002).
Despite its popularity, some have questioned the frequent use of TAP in SA research.
Bricker and Bell (2008) point out that a student could score highly in assessment of SA based on
TAP, even if the warrants and backing used were erroneous in the context of the science
content. It could be said that TAP attends to the structure of argument but is blind to its
content validity. A second critique of TAP comes from Sampson and Clark (2008), who find that
students’ arguments in situ seldom follow discourse patterns that are easily categorizable
within the TAP framework. Student statements can sometimes be categorized both as warrants
and claims, for example.
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Schwarz et al. (2003) proposed another domain-general framework for argumentation
that specifically attempted to address some of the shortcomings in the TAP framework. First,
the framework created by Schwarz et al. (2003) simplifies the categories of statements related
to argument, including only (a) assertion, (b) reason, and (c) qualifier. Arguments in this
framework can take on multiple forms from the simple to the complex, with the number of
reasons attached to assertion representing one way to evaluate the quality of an argument.
Second, Schwarz et al.’s (2003) framework allows for the assessment of the connection
between reason and assertion. Although not explicitly stated, this could provide a way for the
quality of science content used in an argument to be evaluated. Since its initial proposal, this
framework has been used to create SA assessments for written arguments and as a means for
analyzing dialogic student argumentation (Clark & Sampson, 2008; Heng et al., 2015).
While previous researchers attempted to adapt domain-general argumentation
frameworks to SA assessment, Lawson (2003) developed an SA framework that drew directly
from scientific practice. In the hypothetico-predictive argument framework, students proceed
from a scientific question (e.g.: “Why do some corn plants grow better in one area of a field,
compared to another?”), to a proposed explanation (“Soil moisture might be a factor.”), to
predicting the outcome (“If soil moisture is a factor, I should find one area of the field is wetter
than the other when I test it.”) and comparing observed results (“Because the soil moisture is
the same across all parts of the field, some other factor must be affecting growth.”) Sampson
and Clark (2008) argue that the hypothetico-predictive argument framework could be used as
an effective teaching framework for scientific inquiry, but due to its more prescribed structure,
has less potential for application as an assessment tool. The framework has been used to
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develop laboratory course curriculum (Walker et al., 2011), but also has been used to analyze
student conversations and evaluate both the justification and structure of SA (Shemwell &
Furtak, 2010).
Deng et al. (2011) also recognized the importance of the connection between
justification and structure of SA. In a meta-analysis of NOS studies, the researchers categorized
some interventions as having an argumentation framework (AR). These AR studies focused on
how students might apply NOS understandings to produce high-level scientific arguments. As
with Lawson’s (2003) hypothetico-predictive framework, the structure of the argument and the
appropriate use of evidence as justification have equal standing within this conceptualization of
SA.
Despite the creation of some alternative frameworks, many researchers continue to
evaluate student SA skill using various versions of TAP, despite some of its significant
shortcomings (Allchin & Zemplén, 2020). The reliance on an imperfect framework may be
explained by the desire of researchers to compare current findings to previous work (Abd-ElKhalick, 2014). In any case, trends in the development of frameworks in SA have shifted in
recent years from evaluation first to pedagogy first (Bricker & Bell, 2008; Norris et al., 2008; see
also Allchin & Zemplén, 2020; Berland & McNeill, 2010; Böttcher & Meisert, 2011).
Theoretical Frameworks for Supporting Student Engagement in Scientific Argumentation
A number of theoretical frameworks for teaching SA have been developed over the past
15 years. These frameworks are unified by two points, (a) the appreciation for SA as a skill that
must be intentionally developed through targeted instruction (Kuhn, 2010), and (b) SA has a
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social dimension—it is developed, practiced, and used in dialogue with other people (Allchin &
Zemplén, 2020).
In an attempt to approach SA from a fresh perspective, Bricker and Bell (2008) analyzed
existing SA theoretical frameworks through the lenses of other research areas including
argument theory, science studies, and learning sciences. From argument theory, the authors
question whether argumentation has been adequately defined in previous frameworks. From
science studies (rhetoric, philosophy, etc.), Bricker and Bell (2008) raise concerns that
theoretical frameworks in SA tend to enumerate complex goals for students but provide little in
terms of pedagogical guidance for teachers to help their students reach these goals. Here the
authors propose that new frameworks ought to focus on specific teaching strategies that
develop SA. Finally, from the learning sciences (cognitive, ethnographic, sociocultural), the
authors suggest that new SA frameworks should take into account students’ prior experiences
with every-day argumentation and build formal SA from there.
Norris et al. (2008) incorporate Bricker and Bell’s (2008) suggestion for specific teaching
strategies in a theoretical framework by embedding SA instruction within scientific inquiry.
Teaching through scientific inquiry involves posing scientific questions that are researched by
students through experiments, simulations, or other means (Lederman et al., 2013). The
practice of scientific inquiry generates data that must be interpreted, and interpretation must
be justified with evidence (Norris et al., 2008). The authors see a natural place for SA in the
process of justifying interpretation with evidence and reasoning. Embedded throughout a
scientific inquiry experience, Norris et al. (2008) encourage teachers to lead their students
through five features of scientific argument, (a) conjectures, (b) relevance, (c) evidence, (d)
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counterevidence, and (e) coherence and sufficient evidence. By providing a stepwise teaching
method, the framework presents an accessible roadmap for teacher practice in SA that has
been used in abbreviated form to present the concept of SA to in-service teachers through
practitioner-focused journals (Hall & Sampson, 2009; Sampson et al., 2013).
Berland and Reiser (2009) provide a second framework that conceptualizes scientific
argumentation within the context of scientific inquiry. However, Berland and Reiser’s (2009)
framework divides SA into three scientific practices: (a) sensemaking, (b) articulating, and (c)
persuading. (a) Sensemaking refers to the way students process an experience to form a new
understanding of a concept or topic. For example, a student who sees a candle covered by a jar
spontaneously extinguish itself engages in sensemaking as they attempt to explain that
experience in their mind, based on prior academic study, personal experiences, etc. (b) In
articulating, students write or share their claims, drawing from their experience and other
available evidence. (c) For persuading, students must not only justify their own position, but
also point out the weaknesses of other possible explanations. Berland and Reiser (2009) argue
that by conceptualizing SA in these three practices, teachers can create experiences that
highlight and focus on each, and also create social class environments that support dialogic SA.
A framework for learning experiences and classroom environments that support SA
development is elaborated by Berland and McNeill (2010) with their Learning Progression for
Scientific Argumentation. In the learning progression framework, three dimensions of SA are
identified as areas where instruction can be transitioned from low to higher complexity: (a)
instructional context, (b) argumentative product, and (c) argumentative process. In terms of
instructional context, the authors propose that initially, questions for argumentation should
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have only 2-3 potential answers, deal with a small amount of data, and be presented by the
teacher with detailed scaffolds for working with evidence used to construct an argument. As
students become more comfortable with the practice of SA, scaffolds can be gradually
removed, and more open-ended questions can be used. In terms of argumentative product,
Berland and McNeill (2010) suggest that at the simplest level, claims should be made and
defended. As students progress, the appropriate use of evidence, the use of counterevidence
and rebuttals is added to the SA instruction. For the argumentative process, the simplest levels
separate out pieces of SA such as “defending a claim” for instruction individually. As students
progress, higher levels require the practice of multiple components of the argumentative
process in concert. Berland and McNeill (2010) envision the SA learning progression framework
as not only a blueprint for teaching SA, but also as a possible rubric for the assessment of
students’ SA skills.
The early phase of the SA learning progression proposed by Berland and McNeill (2010)
is represented in Kuhn (2010), who builds an SA teaching framework around explicit reflective
instruction on argumentation. In this teaching framework, students first learn the stepwise
components of domain-general argument in student-level language (e.g.: “Our comeback
was…”). Next, students engage in dialogic practice arguments, summarizing what they and their
partner said during the dialogue on a reflection guide. Through the practices of explicit
instruction, modeling, practice, and reflection, Kuhn (2010) argues that students can establish a
firm footing in SA to take on more complex questions.
The final framework presented here draws on the tentative aspect of NOS and provides
a potential path to SA that is more completely embedded within the science (Mendonça & Justi,
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2013). Böttcher and Meisert (2011) propose that SA should be conceptualized in terms of the
model-based understanding of science. Briefly, the model-based view of science contends that
science consists of many models (theories) that can explain observed natural phenomena. In
response to new evidence (observations and scientific reasoning), models are altered to more
accurately and completely represent the observed natural phenomena (Develaki, 2007). In this
framework, arguments are “indicators for or against the fitting of a model according to its
logical coherence or in comparison to empirical phenomena” (Böttcher & Meisert, 2011, p.
109). In terms of teaching the framework, Böttcher and Meisert (2011) suggest (a) the creation
of initial models by students, (b) the evaluation of initial models in light of evidence obtained
through classroom activities, and (c) the alteration of models that produce better fit to
evidence. While the authors show that their model-based approach can be integrated with
popular analytic schemes such as TAP (Toulmin, 1958), they see the lack of prescriptive
argument steps and features as an advantage in the model-based approach. Unlike the
frameworks proposed by Berland and McNeill (2010) and Kuhn (2010), the model-based
approach does not require a long ramp-up from simple to complex questions, as the
foundations of domain-general argument structure are not prerequisites in the model-based SA
framework. This model-based framework has been shown in several studies to increase
productive SA and support science content knowledge acquisition (Mendonça & Justi, 2013;
Park, 2015).
As discussed in the section above, theoretical frameworks within SA research have been
proposed both to evaluate the character and structure of students’ arguments, and also more
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recently to provide pedagogy that may increase students’ SA skills. In the next section,
empirical research on SA will be explored, with special focus on the use of SSI.
Empirical Research in Scientific Argumentation
Empirical research in SA is varied in its methodologies and its goals (Jiménez-Aleixandre
& Erduran, 2007). One line of research in SA seeks to determine the extent to which SA
activities may have an impact on other science education outcomes (Cross et al., 2008).
Another line of research attempts to find the most effective interventions to increase SA as an
end goal (Cavagnetto, 2010). Still another line of research explores the use of SSI to increase SA
in real-world contexts, thus increasing scientific literacy among students (Zeidler, 2014). This
section will describe research from each of these three lines, with more weight given to
research involving SSI, as the current study includes its use.
Effects of SA Activities on Science Education Outcomes
Because SA necessarily requires the processing of science content as its intellectual
source material, some researchers have proposed that the practice of SA may lead to
measurable gains in other science education outcomes (Cross et al., 2008; Giri & Paily, 2020;
Gultepe & Kilic, 2015). Cross et al. (2008) studied the effect of an SA-based curriculum on high
school students. During the SA-based curriculum, students engaged in dialogic argumentation
on topics related to the creation of a moon habitat capable of supporting humans. Students
who demonstrated the greatest gains in SA skill tended also to have the greatest gains in terms
of desired content knowledge. However, the sample size was too small for a reliable statistical
comparison, and SA skill was evaluated in a mostly qualitative manner.
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Utilizing a larger sampling size and controlled experimental design, Gultepe and Kilic
(2015) studied the effects of an SA-based curriculum on high school students’ science process
skills. Science process skills were measured before and after intervention and included
questions relating to abilities like “designing experiments” and “graph interpretation” (p. 116).
Half of the students in the study received a chemistry unit using an SA-based curriculum, while
the other half was taught using a typical lecture-based curriculum. Students in the treatment
group showed greater gains in most scientific process skills, relative to the control. The results
indicate that SA-based curriculum may have value beyond improving students’ SA skill.
This outcome was replicated by Ping et al. (2020), who compared the relative
effectiveness of an argument-driven inquiry approach, an inquiry without argument approach,
and a conventional approach to the instruction of 8 lab activities for high school students.
Students who engaged in the argument-driven inquiry approach performed best out of the
three groups, increasing their science process skills more than their peers receiving either the
inquiry without argument or conventional instruction.
Similarly, Tsai (2018) compared scientific competency outcomes and sustainability
attitudes in SA-based and traditional science curriculum in high school students. The study
found that engagement in the SA-based curriculum led to greater gains in scientific
competencies and sustainability attitudes, relative to the student group receiving traditional
science curriculum during the intervention.
One other recent study explored a possible effect of SA-based curriculum on the
domain-general educational outcome of critical thinking. Giri and Paily (2020) studied the use
of an SA-based, 9-week biology curriculum on the critical thinking skills of students in grade 12.
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Students in the treatment group received biology instruction on ecosystems, using TAP in their
discussions of content. The control group was taught the same content in a traditional style.
Results showed that students in the treatment group significantly improved their critical
thinking skills, relative to the control. Taken in sum, there is evidence that SA-based curricula
may produce positive effects for science education that extend beyond the development of SA
skills (Sari & El Islami, 2020).
Interventions to Improve Scientific Argumentation
While some recent research has focused on the effect of SA-based curriculum on
science education outcomes, a voluminous number of studies have been produced in an
attempt to find the most effective means of increasing students’ SA skills (Erduran & JiménezAleixandre, 2007). Cavagnetto (2010) and Engelmann et al. (2016) provide helpful ways of
organizing the research, providing analysis of SA research themes and effectiveness of
interventions respectively.
Recent meta-analyses. Cavagnetto (2010) finds significant diversity in a review of over
50 studies in scientific argumentation, with differences organized in three dimensions: (a)
nature of argument intervention, (b) emphasis, and (c) aspect of science included. In terms of
the nature of argument intervention, most studies relied on a culminating activity where
students engaged in SA, based on material previously learned. Less often, students were invited
to propose a tentative explanation for a phenomenon or complete a full student investigation
in which SA was used throughout the process. For emphasis, Cavagnetto (2010) categorized
research as emphasizing either (a) moral, ethical, political concepts, (b) argument process,
language, or (c) science content. Interestingly, most of the studies emphasize science content,
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with slightly fewer emphasizing argument process. The Aspect of Science Included dimension
was based on whether the SA activities were social (completed in small or whole class groups)
and whether they involved the designing of investigations, the interpreting of data, or both.
Cavagnetto (2010) found that most studies involved social interaction and either the designing
of investigations or the interpretation of data. While Cavagnetto’s (2010) analysis provides
insight into the research directions of SA, it does not precisely provide a quantitative review of
the effectiveness of these interventions.
A recent meta-analysis fills this gap in the literature through a review of methodologies
and estimated effect sizes of interventions designed to increase SA skill. Engelmann et al.
(2016) reviewed the results of 28 studies on scientific reasoning, of which eight were
specifically focused on SA between 2008 and 2015. The statistical analysis revealed small to
medium effect sizes of interventions designed to increase SA. No statistical differences were
found in the effectiveness of SA interventions on the basis of age-level. However, content focus
did appear to play a role, with higher effect sizes of interventions seen in life science, relative to
other science subjects. Finally, the nature of the intervention itself was analyzed as part of the
meta-analysis. Engelmann et al. (2016) categorized intervention studies into two
methodologies, (a) Constructive- activities requiring learners to create something that goes
beyond the information given in the learning environment, and (b) Interactive- activities
engaging students in dialogue in which they build upon their peer’s constructive contribution.
While no statistically significant differences in outcomes were established through the analysis,
interactive activities seemed to show slightly higher effect sizes compared to constructive
activities (Engelmann et al., 2016).
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Explicit Instruction/Student Dialogue Interventions. Other recent studies support the
use of interactive methods to improve SA skill. Kuhn et al. (2017) studied the effects of a
combination explicit instruction/student-dialogue intervention to increase student skill in
science practices, including SA. The research was conducted with high school biology students.
In the treatment group, students were provided explicit instruction on analyzing data,
controlling variables, and forming scientific arguments, in the context of a public health mystery
scenario. The control group was provided inquiry-based instruction on photosynthesis. Kuhn et
al. (2017) found that students in the treatment group outperformed those in the control group
on several dimensions of SA (argument, counterargument, rebuttal), and were able to
successfully apply SA skill to a novel scenario.
Murphy, Greene, Allen, et al. (2018) added to the evidence supporting the explicit
instruction/student-dialogue approach in their study with high school chemistry and physics
students. The study used Quality Talk Science (QTs), an intervention model that features
student activities with scaffolded scientific argumentation and model-based reasoning,
delivered through both direct instruction and small-group dialogue (Murphy, Greene, Firetto, et
al., 2018). The treatment group in this study received six QTs mini lessons during the school
year, and teachers received training on the facilitation and scaffolding of scientific
argumentation in the classroom. The control group received “business-as-usual” instruction
(Murphy, Greene, Allen, et al., 2018, p. 1246). The treatment group increased their written
argument performance over the control, showing the effectiveness of the explicit
instruction/student-dialogue intervention strategy.
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To test the applicability of the explicit instruction/student-dialogue strategy to labbased science instruction, Ping et al. (2020) compared the effects of an argument-driven
inquiry, inquiry without argument, and conventional instruction in lab-based high school
biology activities. After an intervention consisting of 8 lab activities, students in the argumentdriven inquiry group saw the greatest gains in argumentation skills. This work, taken with prior
studies, suggests that the direct instruction/student-dialogue strategy is effective at increasing
student SA skill.
SSI-based interventions. Researchers have increasingly looked to socioscientific issues
(SSI) as helpful contexts around which to build interventions meant to increase learning
outcomes in science instruction, including students’ SA skills (Kelly, 2014; Zeidler, 2014). The
use of SSI holds promise as context for SA skill development due to the ill-structured,
multidimensional nature of problems raised in SSI scenarios (Walker & Zeidler, 2007). As
Osborne and Patterson (2011) point out, SA occurs when the outcome of a scientific discussion
is in doubt. As such, the use of SSI may provide opportunities for learning and practicing SA in
an authentic way that mirrors the use of SA in the real-world, and in doing so promote scientific
literacy (Zeidler et al., 2011). Recent research has attempted to test the effects of SSI-based
interventions on students’ SA skill development (Dawson & Venville, 2013; Gutierez, 2015;
Iordanou & Constantinou, 2015; Venville & Dawson, 2010).
Venville and Dawson (2010) studied the effects of an explicit instruction/studentdialogue model intervention in the context of SSIs. High school biology students received
instruction on genetics, using the SSIs of genetically modified produce and genetic counseling
as context. Students were separated into treatment and control groups; the treatment group
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received explicit instruction on SA and the application of those lessons to dialogic SA on the SSI
scenarios, while the control group learned about the SSIs by completing a student work
booklet. The researchers found that students in the treatment group experienced greater gains
in both their SA skills and conceptual understanding of the targeted genetics topics. A study of
nearly identical design with larger sample size showed similar results, with students who
received explicit instruction and opportunities for dialogic SA outgaining students in the control
group in both SA skill and level of conceptual understanding in genetics topics (Dawson &
Venville, 2013).
The case for SSI-based instruction to bolster SA skill development is further supported
by Gutierez (2015), who explored the effects of SSI-based instruction on SA, conceptualized in
decision-making skills. Similar to previous studies, students were separated into treatment and
control groups, with students in the treatment group receiving explicit instruction on SA, along
with opportunities to participate in debate and written argument activities. As with previous
studies, students in the treatment group experienced greater gains than the control.
Increasing the specificity of research with SSI and SA, Iordanou and Constantinou (2015)
attempted to determine what type of SA activity is most conducive to increasing student use of
evidence and evaluation of evidence quality in the context of an SSI. In contrast to previous
studies, all students engaged in some form of SA activity in the context of an SSI. Both the
treatment and control groups were provided instruction on the SSI of climate change in an
online learning environment. The treatment group’s experience differed in that after initial
instruction, they were paired with students of opposing viewpoints, based on their initial
written arguments. These students then engaged in a series of dialogic scientific arguments
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over a series of lessons, with each lesson providing additional instruction on SA. Students in the
control group, in contrast, were tasked only with creating posters that presented the causes
and importance of climate change (written argument). Iordanou and Constantinou (2015)
found that students in the treatment group doubled their use of evidence in their dialogic
arguments (pre- to post-test), and significantly increased the frequency of metalevel
discussions of evidence (the quality of evidence presented). The control group did not
experience gains in either of these areas. The results of this study point to the importance of
dialogic activities to support SA skill development in the context of SSI.
Taken together, research studies of SA skill development in the context of an SSI seem
to be in agreement with the theoretical frameworks that condone their use. Successful
interventions that increase students’ SA skills in the context of SSIs generally follow the pattern
of SA interventions without SSI contexts, in that a combination of explicit instruction and
opportunities for practicing dialogic argumentation offers the best pathway to improving SA
abilities (Dawson & Venville, 2013; Gutierez, 2015; Iordanou & Constantinou, 2015; Ping et al.,
2020; Venville & Dawson, 2010).
The Intersection of NOS, SA, and SSI
Theoretical Foundations
A small subset of research in science education has focused on the intersection of NOS,
SA, and SSI. The theoretical foundations for the study of these topics together come from
scholars who have proposed a relationship between NOS and SA constructs (Duschl & Osborne,
2002; Nussbaum et al., 2008; Sandoval & Millwood, 2007). Duschl and Osborne (2002) argue
that it is not possible to construct a sound scientific argument without some understanding of
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the nature of science. Sandoval and Millwood (2007) point out that students necessarily draw
on their epistemological beliefs (beliefs about how knowledge is generated and how truth can
be known) when constructing arguments. By marshaling sophisticated NOS understandings (as
their epistemological source), students may construct better scientific arguments (Sandoval &
Millwood, 2007). This view is in agreement with Nussbaum et al. (2008) who propose that
learning the structure and norms of scientific argumentation may inform students’ NOS
understandings.
Allchin and Zemplén (2020) add to the foundations described above by elevating the SSI
in relation to SA and NOS. Under the umbrella of Whole Science, previously a theoretical
framework to describe NOS, Allchin and Zemplén (2020) argue that scientific argumentation
should be informed by sophisticated NOS views and used to judge the reliability of claims made
by “science in the wild” (p. 923), a term used to describe science or SSI encountered by
students in their daily lives. The effect of an SSI on the way students apply NOS understandings
and SA skill holds special importance in this framework.
Empirical Research at the intersection of NOS, SA, and SSI
According to a recent review conducted by McDonald (2017), only 13 empirical studies
that integrated research on NOS, SA, and SSI were published in major science education
journals prior to 2013. This handful of studies fall into two general categories, (a) studies that
assess the relationship between NOS and SA with no intervention, (b) and interventional
studies using NOS instruction as a tool to increase SA skill.
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Assessment Only Studies
Some studies in NOS and SA have simply examined the strength and nature of the
relationship between the two constructs, without using one as a tool to enhance the other. One
of the earliest studies to examine the relationship between NOS and SA comes from Bell and
Linn (2000), who used an early online learning environment to promote SA and physical science
content knowledge in middle school students. One hundred seventy-two students completed a
6-week project using the online learning environment intervention. As part of the analysis, the
researchers compared the post-test SA to the NOS understandings of students involved in the
study. They found positive correlations of small effect size between several components of SA
and NOS. Bell and Linn (2000) concluded that students with more sophisticated NOS
understandings developed stronger scientific arguments. It should be noted that the context
used for this study was scientific (theory of light), rather than socioscientific.
Liu et al. (2011) furthered the investigation of a potential relationship between NOS and
SA in a study of 177 undergraduate students. In this research, NOS was conceptualized in
scientific epistemological views (SEVs) and an SA-related construct of decision-making skills was
examined. The researchers used an SSI involving invasive plant species as a context for the
research. Participants took a domain-general instrument to measure their SEVs, and then
answered open-ended questions relating to the management of an invasive plant species. Upon
analysis of the participant responses, Liu et al. (2011) found that participants who showed an
understanding of the tentative aspect of NOS constructed more complex arguments on
average, providing evidence for the connection of NOS and SA in the context of an SSI.
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Khishfe (2012b) extended previous work by examining the potential relationship
between NOS and SA in high school students. In the study, 11th-grade students were presented
with two separate SSI texts, one focused on the use of genetically modified crops, and the other
focused on the use of fluoride in municipal water systems. An assessment instrument consisting
of open-ended questions was designed to gauge students’ NOS understandings (specifically
subjective, tentative, and empirical aspects) and SA skill (specifically ability to construct an
argument, counterargument, and rebuttal). The same assessment instrument was used for both
SSIs. Results of the study showed statistically significant correlations between most aspects of
NOS and SA, indicating that students with more sophisticated NOS understandings had more
developed SA skills. However, the researchers also found that scores for each aspect of NOS
and SA between the SSI scenarios were inconsistent, showing that the SSI used affected the
apparent levels of NOS understandings and SA skills observed. While qualitative data in the
form of student interviews provided some anecdotal data suggesting that the familiarity,
science content understanding, and personal relevance of the SSI may have played a role, no
quantitative analysis was performed to determine how characteristics of SSI influence NOS and
SA scores.
In a larger follow-up study, Khishfe et al. (2017) studied the consistency of NOS
understandings and SA skills across four SSIs. Students’ NOS understandings and SA skills were
assessed using the same instrument utilizing open-ended responses to prompts associated with
SSI involving human cloning, acid rain, genetically modified food, and global warming. In
contrast to the previous study, no statistically significant correlations were found between
students’ NOS understandings and SA skills. Additionally, no significant differences were
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observed in the comparison of NOS understandings or SA skills across the four SSIs. However,
qualitative data indicated a possible connection between NOS understandings and the
complexity of scientific arguments formed.
Taken together, the extent of the connection between NOS understandings and SA skill
in the context of SSIs remains unclear, with some studies providing evidence for a connection
(Bell & Linn, 2000; Khishfe, 2012b; Liu et al., 2011), while others providing evidence to the
contrary (Khishfe et al., 2017). Scholars have called for more research to better define the
extent of the relationship and how SSI characteristics may impact the application of students’
NOS understandings and SA skills (Khishfe, 2012b; McDonald, 2017).
NOS Interventions designed to Impact SA Skill
Several studies have attempted to increase student SA skills through explicit
interventions in NOS, using SSI for context. These studies connect to the theoretical proposals
of Duschl and Osborne (2002), who see the development of NOS understanding as critical
prerequisite knowledge to learning how to construct scientific arguments.
Walker and Zeidler (2007) conducted a study on potential changes to high school
students’ SA skills as the result of an intervention that explicitly taught NOS understandings. A
total of 36 students took part in a computer-based instructional intervention that used an SSIbased curriculum (genetically modified foods) to teach NOS understandings. At the conclusion
of the instructional intervention, students took part in a debate where they were invited to
defend their positions with evidence. The researchers found that students did not utilize the
NOS understandings they had developed during the intervention in the debate concerning
genetically modified foods. The results indicate that an implicit approach to increasing students’
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SA skills through the use of NOS instruction may not be effective. Walker and Zeidler (2007)
suggest that a scaffolded approach to SA skill development that draws upon NOS
understandings may prove more effective.
In contrast to these findings, Khishfe (2014) found that explicit instruction in NOS did
have an effect, albeit small, on the SA skill development of high school students. In this study,
one group received explicit instruction on both SA and NOS in the context of an SSI, while the
other group received explicit instruction on NOS only. The group receiving instruction on NOS
and SA improved in both areas significantly. Interestingly, the group receiving instruction in
NOS only also displayed some small improvement in SA skill, providing supportive evidence for
the implicit approach to SA skill development. However, the explicit NOS/explicit SA group
showed greater improvement in SA skill development.
Recent research, limited as it is, seems to indicate that the best route to better SA skill
may be through targeted explicit instruction in the context of an SSI (Khishfe, 2012a; McDonald,
2017). This would be a congruent finding with previous research on both NOS and SA that has
generally found explicit approaches superior to implicit ones in producing gains in NOS
understandings and SA skill (Abd-El-Khalick, 2014; Bogar, 2019; Cavagnetto, 2010; Engelmann
et al., 2016; Lederman & Lederman, 2014).
Conclusion
In this chapter, the theoretical foundations for NOS, SA, and their combination in the
context of an SSI have been described. Empirical research in these areas has been reviewed,
showing that explicit instructional approaches tend to produce the best results in increasing
students’ NOS understandings (Lederman & Lederman, 2014) and that interventions that pair

66

explicit instruction with opportunities for student dialogue perform best at increasing students’
SA skills (Engelmann et al., 2016). Although overall research on the combination of NOS and SA
in the context of an SSI is limited, results of available studies would indicate that there is a
possible relationship between NOS and SA (Khishfe, 2012b; McDonald, 2017), and that SA skill
may at least be reinforced by increasing NOS understandings (Khishfe, 2014). In terms of SSI
context, very little research has been conducted that attempts to address the way in which SSI
characteristics may influence students’ application of NOS understandings or their SA skills
(Khishfe, 2012b, 2017). In the following chapter, the methodologies that seek to address some
of the gaps identified in the literature are described.
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Chapter 3
Introduction
This chapter explains the methods that were used to complete the study, with special
attention given to analyses of data. The current study is a quantitative observational study, as
no attempt was made to effect changes on an outcome. Rather, the study sought to uncover
possible correlations between two constructs within science education, with the purpose of
informing future interventions to improve science instructional practices.
Research Context
The research was conducted in the Midwest region of the United States with
participants from a suburban public high school in South Dakota. Students within the region
tend to score above the national average on the National Assessment of Educational Progress
(NAEP) Science exam (National Center for Education Statistics, 2021). The data were collected
during a time of considerable disruption in American high school education. From March 2020
to the time of data collection, the global COVID-19 pandemic had significant impacts on content
delivery, average attendance rates, and student mental health (Decker et al., 2020; Hoffman &
Miller, 2020; Leeb et al., 2020; Lieberman, 2020; Patrick et al., 2020). The school from which the
sample data were gathered is majority white non-Hispanic in ethnic make-up, with a relatively
small percentage of English Language Learner (ELL) students. The sample for the study was
drawn from general education classroom students.
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Research Participants
General Parameters
The sample consisted of 195 sixteen-year-old high school students who were enrolled in
a science course at the time of data gathering. Because data were gathered during early
October, it is likely that most of these sixteen-year-old students were in 11th grade. The sample
skewed slightly male (N = 102, 52.3%), with a smaller percentage female (N = 87, 44.6%).
Several respondents self-reported their gender as “undisclosed” (N = 4, 2.1%), and two
respondents selected the “Unspecified” choice (1.0%). In terms of future plans, a majority of
students indicated that they would be pursuing post-secondary education (N = 160, 82.1%), a
smaller number were unsure (N = 28, 14.4%), and just seven indicated that they were not
planning to pursue education after high school (N = 7, 3.6%). Students who reported postsecondary aspirations (N =160) were asked how likely they were to pursue education in a
science field using a Likert item, where 5 indicated very likely and 1 indicated very unlikely. This
subsample showed a slight preference for non-science-based post-secondary education (M =
2.91, SD = 1.32). For self-reported education experience with NOS or SA, a plurality of students
indicated they were not sure whether they had received previous education on “Nature of
Science” or “Scientific Argumentation” (See Table 1).
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Table 1
Self-reported Prior Instruction in Nature of Science (NOS) and Scientific Argumentation (SA)
Prior instruction?

Yes

No

Unsure

NOS

47 (24.1%)

55 (28.2%)

93 (47.7%)

SA

23 (11.8%)

75 (38.5%)

97 (49.7%)

Note. NOS = Nature of Science; SA = Scientific Argumentation

Recruiting Procedures
This study specifically sought participation from high school science students, in an
effort to provide a direct comparison to previous research. The researcher sent exploratory
introductory emails to eight school districts (see Appendix A). Permission to conduct research in
a school district was obtained via email on the 10th of March 2021 (see Appendix B). Research
cooperation with teachers at the research site was coordinated by a district-level administrator.
In coordination with the researcher, this administrator planned for a research meeting with all
general education classroom science teachers at the research site. At this meeting, the
researcher explained the study and data gathering procedure, along with the potential benefits
to the teachers and students that may result from participation in the research. Students were
notified of the opportunity to participate in the study by their classroom teachers. Consent was
obtained in accordance with the University IRB and district-level policy before any student
began their participation in the research. As a token of gratitude for participation, each student
participant was given the opportunity to enter a drawing for one of six $25 Amazon Gift Cards.
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Students who were absent on the day the research participation opportunity was presented
also had the opportunity to take part in the study. Cooperating classroom teachers noted
absences and presented the opportunity for students to participate when they returned.
Because the instrument featured online, digital delivery, students were able to participate
outside the classroom. Students who completed their participation outside the classroom were
asked to adhere to the study requirements: quiet environment, no distractions.
Because the data were gathered from students at the first school that agreed to allow
the researcher to present the research opportunity, this study utilized a convenience sampling
technique. The sample was also dependent on the level of cooperation exhibited by research
site teachers, and ultimately the recruitment of student participants within their classrooms.
Due to the observational nature of the study, there was no need to separate the participants
into groups, as would be necessary for a study that included an intervention. Based on the
sampling methods employed, findings are generalized best to a population that is represented
closely by the sample.
Data Collection Instrument
Demographic Survey
The first part of the instrument used in this study included demographic questions that
aimed to gather descriptive data on the sample (see Appendix C). Participants completed
questions that requested information on age, gender, and post-secondary education plans on
the demographic survey. Answers on all items were non-mandatory within the survey, meaning
that the survey could be submitted without a marked answer for any of the questions
participants didn’t feel comfortable answering. Participants were notified by the online survey
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software, however, if they had left answer responses blank, in an attempt to minimize
accidental omissions.
The two final questions on the demographic survey were designed to determine
whether students had previous formal instruction on NOS or SA. In addition to self-reporting,
cooperating teachers were asked during a preparatory meeting for data gathering whether they
had provided formal instruction in NOS or SA. This information was gathered to assess the
comparability of the current sample to samples in prior research on this topic. Participants in
previous closely related research were noted as having minimal formal instruction in NOS or SA
(Khishfe, 2012b; Khishfe et al., 2017).
The demographic survey was completely anonymous. No identifiable information was
collected in this part of the survey. All anonymous data from the demographic survey and
controversial socioscientific issues questionnaire (CSI) was retained on only password-protected
folders on a password-protected computer.
Controversial Socioscientific Issues Questionnaire (CSI)
The second component of the instrument was the Controversial Socioscientific Issues
Questionnaire (CSI; see Appendix D) from Khishfe (2012b). Permission was obtained from the
author of this instrument for its use in this study via email (received 16th of February 2021; see
Appendix E). The CSI presents students with two vignettes, both of which feature a
socioscientific issue (SSI). The first SSI concerns the use of genetically modified organisms
(GMO) to address food shortages and the second SSI addresses the fluoridation of public water
systems. After a participant read through an SSI vignette, they were presented with seven
open-ended question items about the SSI. These items were designed to elicit responses
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revealing the student’s level of NOS understanding (divided into three components) and SA skill
(also divided into three components).
The components of NOS understanding tested by the CSI connect to previous research
by Zeidler et al. (2002), who found that SSI could be effectively used to discover the extent to
which students understood that (a) science is subjective: different scientists bring different
perspectives to the same data, (b) science is empirical: knowledge in science gives priority to
data and evidence, and (c) science is tentative: knowledge in science can change in light of new
evidence.
The components of SA skill tested by the CSI connect to previous research in general
epistemological understanding by Mason and Scirica (2006), who used similar items to assess
student SA in (a) argument: the ability to make a claim and support it with multiple pieces of
valid evidence, (b) counterargument: the ability to formulate an argument that contradicts
one’s position, and (c) rebuttal: the ability to create an argument to refute a counterargument.
The CSI has been used in prior research on the topic of the potential correlation
between NOS understanding and SA skill in the context of socioscientific issues (SSI; Khishfe,
2012b; Khishfe et al., 2017). The content validity of the CSI was established by a combination of
experts, including biologists and high school science teachers (Khishfe, 2012b).
For purposes of this study, the CSI was amended to include three more items per SSI.
Responses to these items provided additional information on the characteristics of an SSI that
may influence the way in which student SA skill or NOS understandings are activated. The
additional Likert-type items asked participants to rank their (a) prior knowledge of the science
surrounding the topic of the SSI, (b) familiarity with the debate surrounding the topic of the SSI,
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and (c) perceived personal relevance of the topic addressed in the SSI. By gathering this
additional information, quantitative analyses on the relative influence of these SSI
characteristics on SA and NOS could be conducted, in contrast to previous studies that relied
only on qualitative data to explore these influences.
Data for Compensation Purposes
After completion of the CSI, participants were presented with the option to continue via
external link to a separate Google Form survey that recorded data completely detached from
previous instrument-related data (see Appendix F). This Google Form survey allowed students
to provide contact information for purposes of an Amazon Gift card drawing. The contact
information gathered on this Google Form survey was associated with a school district account.
Only district personnel had access to this contact information and this data was not connected
to any other information provided by participants during the study. Once the data gathering
was complete, the researcher created a list of randomly generated numbers within the range of
the number of participants. The district then used the contact information data gathered on the
Google Form survey to match these randomly generated numbers to student contact
information and delivered the Amazon gift cards. By using this design, student contact
information data were never associated with research data, and participant contact
information was only visible to the district, never the researcher.
Research Design
Access
To begin the approval process of the study, the researcher submitted study details to
the University Institutional Review Board (IRB). With preliminary approval, possible school
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districts for data collection were identified. The researcher contacted prospective school
districts, seeking information on the approval process for conducting research. Applications for
the approval to conduct research were completed for review. Once permission was obtained
from a cooperating school district (see Appendix B), the researcher worked with district-level
curriculum and instruction administration to plan for data collection. At the building level,
cooperating teachers were provided with all documentation related to the study, including
cooperating teacher guides (see Appendix G), the survey/assessment instrument (See
Appendices C & D), consent form (see Appendix H), and child assent form (See Appendix I). The
researcher also offered to meet with building administrators to explain the research study and
related documents, although such a meeting turned out to be unnecessary. Ultimately, all
science teachers at the research site agreed to present the opportunity for research
participation to their students.
Proctoring the Survey and Assessment
Classroom teachers presented the opportunity for participation in the study to their
students. The researcher met with all cooperating teachers (via Zoom meeting) prior to the
proctoring of the survey and assessment in their classes. In this meeting, the researcher
summarized and explained the purpose and rationale of the study and answered all questions
from the cooperating teachers. The researcher described proctoring procedures with
cooperating teachers and explained each part of the process, including the consent process,
cooperating teacher guide, and ideal classroom proctoring environment (See Appendix G).
There was no direct researcher-student contact for this study. The classroom teachers
were provided with a guide that outlined the basic idea of the study and highlighted the
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possible benefits of student participation, which included the connection to the science
component of the ACT and the chance of winning an Amazon gift card. The cooperating teacher
guide also detailed the consent process, which required both parent (passive) and child (active)
agreement for participation.
Students were provided with a link to the instrument and used either personal or
school-provided digital devices to access the demographic survey and CSI. The instrument was
delivered using Qualtrics (Qualtrics, 2021). The initial page of the Qualtrics form presented the
participant with a student assent form that detailed the purpose of the study, the potential
benefits and risks, and the voluntary nature of participation.
Once student assent was confirmed the Qualtrics form presented the demographic
survey first, and then one of the two SSI scenarios of the CSI. The order of SSI presentation was
randomized to rule out any effects based on presentation order. To maintain consistency with
prior research, the cooperating teacher was instructed to provide only clarifications on
completing the instruments. No other hints or help were provided by the teacher.
For a small number of students, participation in this study occurred outside the
classroom. In this case, the cooperating teacher provided prospective student participants with
a written version of the cooperating teacher guide, along with instructions on required testing
conditions. When students participated outside the classroom, they were asked to complete
the survey and CSI on their own without the assistance of any resources, in a quiet place free of
distractions. Otherwise, the procedures were identical for students inside or outside of the
classroom.
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Data Security
The anonymous data obtained from the Qualtrics-based demographic survey and CSI
instrument were downloaded and secured in a password-protected folder on a passwordprotected computer. Separately, contact information gathered from students who opted to
complete the separate contact information survey for compensation purposes was retained
exclusively by the school district. After participants completed the survey/assessment
instrument, they were presented with an external link to a Google form. This Google form
provided the means of collecting contact information of participants for compensation
purposes. The output of this form was saved to a school district Google account to which the
researcher had no access. The researcher had no access to any identifiable student information.
Coding of Instruments
Based on the digital nature of the data collection, discrete quantitative items were
automatically saved. The open-ended response items in the CSI designed to gauge aspects of
NOS understanding and SA skill required expert coding. Responses to items designed to assess
aspects of NOS were coded following a three-point scale (1 = naïve view, 2 = intermediate view,
3 = informed view). Coding followed guidance provided from prior research on the topic
(Khishfe, 2012b, 2014, 2017, 2019; Khishfe et al., 2017). Responses to items designed to assess
components of SA skill were coded following a five-level scale (0-4), using a rubric developed by
Mason and Scirica (2006).
Expert coding was conducted by the researcher and two others. Expert coders were
recruited based on the following profile—current or former teacher with state certification in
secondary science. Once recruited, the coders and researcher met via Zoom to discuss coding
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procedures. The researcher developed a comprehensive rubric for the CSI instrument along
with several hypothetical example responses that were discussed among the group (See
Appendix J). Through discussion of example responses and coding rationale, all three
researchers reached a similar understanding of coding procedures. Participant responses were
tagged with random integer IDs before distribution to external coders. External coders coded all
responses and returned their results to the researcher. When the coding procedure was
complete, each student response to an open-ended item had three separate scores attached to
it for use in data analysis. By including multiple expert coders, the somewhat subjective coding
of open-ended responses was not solely dependent on the judgments of one coder’s opinion.
Data Analysis
The data gathered in this study was analyzed using the software package “R” (v4.0.2; R
Core Team, 2020). Before statistical analysis, a data cleaning protocol was implemented to
ensure the data retained for analysis was reasonably complete and represented the target
constructs of the study. The following exclusion criteria were used to remove entries during
data cleaning: 1) Participants who responded to 50% or less of the items, 2) Participants who
inputted nonsense word answers for some of the items, and 3) Participants who seemed to
complete the instrument without good faith efforts, evidenced by mostly one-word responses
to open-ended prompts, very short duration (less than 10 minutes) to complete the instrument,
some version of “IDK” or “I don’t know” for most items, and/or responses that did not logically
connect in any way to the items. Based on these exclusion criteria, 24 participants were
dropped from analysis from the original 219, resulting in a study sample of N = 195.
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Also, before statistical analysis, demographic features of the sample were recorded. Descriptive
statistics concerning the make-up of the sample were examined.
Creation of Latent Variables and Factor Scores
Because the open-ended response items used in the CSI are coded on an ordinal scale
(1-3 for NOS; 0-4 for SA), there is low potential for variability, limiting statistical analysis. To
overcome this hurdle, multiple coders (3) were used to separately code each participant
response. Prior to a more complex analysis, the irr software package in R was used to calculate
intraclass correlation coefficients (ICC) for all open-ended response variables (v.0.84.1; Gamer
et al., 2019). The intraclass correlation coefficient was used for inter-rater reliability in this
study because of its flexibility, based on study design (Koo & Li, 2016). In this study, the ICC
model has been customized to align with the following conditions: 1) the same coders were
used for all participants, 2) all coders coded all participants, and 3) the measurement was based
on agreement among all raters, and 4) the primary goal was to measure consistency.
The use of three coders allowed for the creation of latent variables, variables that are
not directly observed but represent underlying constructs (Warner, 2013). The lavaan package
in R uses structural equation modeling (SEM) to create latent variables (v0.6.7; Rosseel, 2012).
Latent variables were generated for each of the SA skill components and NOS understanding
aspects using a confirmatory factor analysis (CFA) effects coding method. Once latent variables
were generated, continuous factor scores were calculated using factor loadings. The use of the
effects coding method allowed for a comparison of factor scores on a scale aligned closely with
that of the observed variable, much like a simple composite score (Little et al., 2006). This
means that a hypothetical factor score of 1 or naïve level understanding for the empirical
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nature of science latent variable would have a similar meaning as a coder’s score of 1 or naïve
level understanding for a response to the question designed to evaluate a participant’s
empirical nature of science understanding. When the effects coding method is used, the factor
score of 1 and the observed score of 1 can be interpreted using the same scale, in this case
identifying a naïve level understanding.
Factor scores are superior to simple composites of coder scores for several reasons.
Factor scores do not assume that each individual coder’s score should be treated equally for an
item. By evaluating variance of the coder’s scores and covariance between the coder’s scores
and the other coder’s scores on an item, the model estimates the extent and direction of a
coder’s influence on the construct score (DiStefano et al., 2009). Figure 3 shows the
construction of the model visually. The residual variances (variance not attributable to the
construct) are displayed by the curved, double-headed arrows connected to the coders, and the
factor loadings (coders’ relative influences on the latent variable) are displayed as straight,
single-headed arrows.
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Figure 3
Latent Variable Creation by Multiple Coder Confirmatory Factor Analysis Method

Note. This figure shows the confirmatory factor analysis method for creating a latent variable
for the SA skill component argument skill from three coders’ score variables. The latent variable
is represented by an oval while observed variables are represented by rectangles. This process
is identical for each of the three NOS understanding aspects and three SA skill components.

Overall, the use of factor scores should yield a closer approximation of the underlying
construct—in this case, aspects of NOS understanding and components of SA skill.
To understand the possible covariance between latent variables estimating the
individual aspects of NOS understanding and components of SA skill, second-order latent
variables were created. Figure 4 shows a path diagram for the second-order latent variable for
scientific argumentation skill. Written labels for residual variances and factor loading are
omitted from Figure 4 for visual clarity.
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Figure 4
Second-Order Latent Variable Creation from First-Order Latent Variables

Note. This figure shows the path for the creation of a second-order latent variable, using firstorder latent variables created by multiple coder scores for each component of Scientific
Argumentation. Double-headed curved arrows represent residual variances (variance not
explained by the construct). The method for creating the NOS second-order latent variable is
identical.

Continuous factor scores were calculated using factor loading on first-order latent
variables. The resulting factor scores were used to represent the closest approximation of
overall NOS understanding and SA skill possible.
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Research Question 1: To what extent and in what way does nature of science (NOS)
understanding correlate with scientific argumentation (SA) skill when addressing a
socioscientific issue (SSI)?
To explore the potential correlations between NOS understanding and SA skill when
addressing an SSI, two correlation matrices were generated—one for each SSI. The correlation
matrices displayed the results of Pearson correlation tests between the distributions for NOS
understanding factor scores (Subjective, Tentative, Empirical) and SA skill component factor
scores (Argument, Counterargument, and Rebuttal). Table 2 provides a blank example of a
correlation matrix of the type that was used.

Table 2
Example Correlation Matrix for Presenting SA and NOS Correlations

Argument

Counter

Rebuttal

Argument
Counter
Rebuttal
Subjective
Tentative
Empirical
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Subjective Tentative

Empirical

Residual vs. Fitted plots of the correlations were used to examine normality, linearity,
and homoscedasticity, as suggested by Warner (2013, pp. 369-371). Tests of significance were
performed for each correlation comparison, and Pearson’s r values were reported.
Additionally, two linear regressions (one for each SSI) of NOS and SA second-order
factor scores were performed to check for overall correlation between the two constructs.
Figure 5 depicts this plan visually, showing how the correlations were evaluated separately for
both of the two SSIs. The results of these correlations were reported like the others in RQ1.

Figure 5
Plan for Pearson Correlations between NOS and SA for Two SSIs

Note. This figure shows the procedure for analyzing the correlation between NOS and SA. The
double-headed arrows represent the potential correlations between the variables.
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Research Question 2: To what extent and in what way does the correlation between the
measured level of NOS understanding and SA skill vary with SSI scenario?
The Pearson correlations from the analysis of RQ1 were used to analyze potential
differences in measured level of NOS understanding aspects and SA skill components between
the two SSI scenarios. Because the sampling distributions of Pearson correlations cannot be
assumed to be normal (especially in the case of strong correlations), Pearson correlations
cannot be directly compared statistically for true differences (Weaver & Wuensch, 2013).
However, if the Pearson correlations are transformed to z-scores using a Fisher transformation,
the resulting sampling distributions are essentially normal and can be compared for statistically
significant differences by comparing 95% confidence intervals. Using the DescTools package in R
(v0.99.40; Signorell, 2021), each Pearson correlation from RQ1 was converted to a standardized
z-score with a 99.997% confidence interval. Although the confidence interval is typically set at
95%, the Bonferroni adjustment was used to determine a higher bar of statistical significance to
guard against family-wise Type I error (Bland & Altman, 1995), as a total of 16 statistical
comparisons were included in this phase of the analysis (p < .05/16 = .003125). Paired z-score
confidence intervals were checked for overlap. A lack of overlap would indicate a statistically
significant difference between an example correlation in SSI 1 and SSI 2 at the p = .003125
critical level. A correlation matrix like that shown in Table 2 was used to show which
correlations had significant differences between SSI 1 and SSI 2.
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Research Question 3: To what extent and in what way does the measured level of NOS
understanding or SA skill differ with SSI scenario?
Simple paired t-tests were used to examine whether the measured level of NOS
understanding or SA skill differed with SSI scenario. Visual inspections of score distribution
histograms were used to verify normality. Then paired t-tests were performed in R for each of
the three NOS understanding aspects separately and for the second-order latent variable of
NOS understanding. Statistically significant results would indicate that the means of the score
distributions from different SSIs differ from each other.
In a similar fashion, paired t-tests were used to compare means of all three SA skill
components separately to evaluate whether there were statistically significant differences
between SSI scenarios. A paired t-test was also be used to compare the means of the secondorder latent variable SA Skill. Figure 6 shows the plan for comparisons of variables for this
research question.
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Figure 6
Comparison of NOS and SA between SSI Contexts

Note. This figure shows the comparisons made between SSI contexts. Each NOS understanding
aspect and SA skill component was compared, as well as the second order latent variables of SA
and NOS. The “vs.” signifies the comparison of means by paired t-tests.

Research Question 3A: To what extent and in what ways does the measured level of NOS
understanding vary with familiarity, prior knowledge, or personal relevance of SSI scenario?
To answer research question 3A, students’ self-reported familiarity, prior knowledge,
and personal relevance scores from the CSI were used with the latent variables generated from
open-ended responses in multiple regression analyses. The multiple regression analysis
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determined both whether the three self-reported variables collectively predicted NOS
understanding, and also the extent to which each individual variable contributed to predicting
change in NOS understanding (Howell, 2017, p. 267).
Before the multiple regression analysis was performed, the predictor distributions were
examined to evaluate their univariate, bivariate, and multivariate normality. Scatterplots of
each individual predictor with NOS understanding were examined to (b) verify linear
relationships. (c) Homoscedasticity was examined with residual vs. fitted plot of the multiple
regression model, and a correlation matrix of predictors was used to (d) assess the extent of
multicollinearity.
In terms of results reporting, standardized coefficients of the model were reported,
along with tests of significance for the model overall and individual predictors. The amount of
unique variance in the outcome (NOS understanding) explained by each predictor was reported
as well.
The procedure described above was employed for each SSI separately. A descriptive
comparison of the two multiple regression models was included in the results. Figure 7 depicts
the plan for analysis of this research question visually, with each predictor within the multiple
linear regression represented by a blue box, and the Nature of Science dependent variable
represented by the orange box.

Figure 7
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Multiple Regression Analyses of NOS with Predictors for Two SSI Contexts

Note. Predictor variables shown in blue rectangles, outcome variables in orange ovals.

Research Question 3B: To what extent and in what ways does the measured level of SA skill
vary with familiarity, prior knowledge, or personal relevance of SSI scenario?
Research question 3B was explored in an identical fashion to research question 3a.
Multiple regression analyses were used to determine whether characteristics of SSI familiarity,
prior knowledge, or personal relevance can together predict measured SA skill. The same
assumptions used for RQ3a were explored before performing the analysis, and the results were
reported in a similar format.
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Summary
This chapter has provided details on the procedures and methodology necessary to
gather and analyze data for a quantitative study that seeks to determine, in a broad sense,
whether a relationship exists between students’ NOS understanding and SA Skill.
Data was gathered from high school science students using an anonymous assessment
instrument which featured SSI vignettes with open-ended questions designed to gauge
students’ levels of NOS understanding and SA Skill.
Open-ended responses were coded separately by three expert coders, and scores from
the individual coders were used to construct latent variables for each aspect of NOS
understanding and SA skill component. These latent variables were used to ensure more robust
statistical analysis.
Statistical methods used to examine the data included Pearson correlations, paired ttests, Fisher transformations, and multiple linear regressions. The procedure used to report
results, including aspect-level relationships and second-order NOS and SA relationships, was
explained.
The next chapter will report on the results of the statistical analyses detailed in this
chapter and attempt to answer the research questions posed in this study.
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Chapter 4
Introduction
In Chapter 1, the purpose of this dissertation study was described. In this study, the
relationship between high school students’ Nature of Science (NOS) understanding and
Scientific Argumentation (SA) skill was examined, in the context of Socioscientific Issues (SSIs).
This chapter begins with the results of a model used to generate latent variable factor scores
for data analysis, and thereafter is organized in terms of the research questions. The study
evaluated the extent to which NOS understanding and SA skill are correlated, both collectively
and by component. Next, the correlations between NOS and SA were compared between the
two SSI contexts, to determine whether the strength of correlations differed. The analysis
continued with a comparison of measured NOS understanding and SA skill scores between the
two SSI contexts. Finally, the researcher explored the possibility that characteristics of the SSI
context might be influence students’ application of NOS understanding or SA skill.
Generation of Latent Variables using Confirmatory Factor Analysis Method
Intercoder Reliability
In Chapter 3, a procedure for coding of instruments was described, in which multiple
coders (3) evaluated each open-ended participant response to evaluate the three components
of NOS understanding and three components of SA skill. The observed variable scale for NOS
components was 1-3, where 1 = Naïve, 2 = Intermediary, and 3 = Informed (See Appendix J). For
example, all three coded the following student response as a “3” for the Subjective NOS
component, “GMOs are so new that the benefits and risks of them are unknown. Even if they
seem safe now, they may be detrimental to health later.” The observed variable scale for SA
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components was 0-4, with more specific coding guidance (See Appendix J). For example, all
three coders coded the following student response as a “4” for the Argument SA component
because it includes a claim and two pieces of scientific evidence either from the vignette or
other scientific source, “They [golden rice] should be produced and marketed because there is
no found downside of the food. If it helps with blindness and other issues, I see no problem
with producing it.”
Intercoder reliability was computed using the intraclass correlation coefficient (ICC).
Because this study involved all subjects receiving evaluations from each of the three expert
graders, and because the three graders are taken to be representative of a larger expert coder
population, a two-way random-effects model using the average type and consistency definition
were utilized (Koo & Li, 2016). Table 3 shows the intraclass correlation coefficients for each of
the six components of NOS and SA that coders evaluated.
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Table 3
Intraclass Correlation Coefficients for Controversial Socioscientific Issues Survey
Intraclass
Correlation

LL

UL

SA Items
Argument (SSI 1)
Argument (SSI 2)
Counter (SSI 1)
Counter (SSI 2)
Rebuttal (SSI 1)
Rebuttal (SSI 2)

0.88
0.77
0.87
0.77
0.87
0.80

0.84
0.71
0.83
0.71
0.84
0.74

0.90
0.82
0.90
0.82
0.90
0.84

8.16
4.42
7.66
4.39
7.90
4.92

194
194
194
194
194
194

388
388
388
388
388
388

<.001
<.001
<.001
<.001
<.001
<.001

NOS Items
Subjective (SSI 1)
Subjective (SSI 2)
Tentative (SSI 1)
Tentative (SSI 2)
Empirical (SSI 1)
Empirical (SSI 2)

0.75
0.61
0.48
0.64
0.53
0.63

0.68
0.50
0.34
0.54
0.40
0.53

0.80
0.69
0.59
0.72
0.63
0.71

3.93
2.54
1.92
2.75
2.12
2.69

194
194
194
194
194
194

388
388
388
388
388
388

<.001
<.001
<.001
<.001
<.001
<.001

95% CI

F Test with True Value 0
F
df1
df2
p

Note. SSI = Socioscientific Issue

Overall, coders showed statistically significant coding consistency across all measures of
the Controversial Socioscientific Issues (CSI) instrument, with p-values all below .001 (See Table
3). Coding consistency was generally higher for the SA items in comparison to the NOS items.
ICC values for SA component composite scores ranged between 0.75 and 0.90, indicating good
reliability (Bobak et al., 2018). ICC values for NOS items were lower on average, indicating only
moderate reliability, ranging from 0.50 to 0.75 (Bobak et al., 2018). Taken together, the lack of
ICC values greater than 0.90 (what would be considered excellent) provides ample rationale for
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the use of an alternative method to better estimate the true levels of NOS understanding and
SA skill among student participants.
Generating Factor Scores using the Confirmatory Factor Analysis Method
To generate the best possible approximation of NOS understanding and SA skill
demonstrated by participants on the instrument, all coding data was input into a confirmatory
factor analysis (CFA) model. While CFAs are conventionally used to test a hypothesized factor
structure of an instrument, in this study the CFA was employed to determine the relative
influence of coders on the variables they attempted to evaluate. The hypothesized factor
structure in a CFA instructs the statistical modeling software to either allow or disallow
correlations between observed variables and/or factors. The decision to allow or disallow a
correlation within the model should have a theoretical basis (Tabachnick & Fidell, 2013). If the
hypothesized factor structure does not allow the model to incorporate correlations that exist in
the data, the model is likely to be misspecified, meaning a poor model fit to the observed data
(Tabachnick & Fidell, 2013).
The hypothesized factor structure for this study allowed correlations between several
variables/factors, all delineated by double-headed gray arrows in the visual representation of
the model (See Appendix K). Correlations were expected within coders, between NOS/SA
component scores. That is, it makes logical sense that there may be some relationship between
the way a coder codes argument responses, and the way the same coder codes
counterargument responses for example. These correlations are represented by curved, gray
double-headed arrows on the far right and left of the model (See Appendix K). Based on
previous research from Khishfe (2012b), correlations were hypothesized to exist in NOS/SA
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components between SSIs, depicted by gray double-headed arrows between the
yellow/blue/green coder columns and the gray ovals representing NOS/SA component factors.
Additionally, correlations were hypothesized to exist between NOS and SA component scores.
These are represented by the gray double-headed arrows that crisscross the middle of the
model (See Appendix K). Finally, correlations were expected between second-order factors of
SA and NOS, as well as within SA and NOS between SSI. These potential relationships are shown
with four gray double-headed arrows in the middle of the model.
After hypothesizing a CFA model and factor structure representative of the CSI with the
likely correlations between variables (See Appendix K), the CFA model was tested for model fit
against the observed data.
CFA Model Fit
The model fit for the CFA was analyzed in several ways. First a chi-square comparison
between the proposed CFA model and a baseline model showed a statistically significant result
(χ2 = 4824.53, df = 630, p < .001). This means that the CFA model is a statistically significant
improvement over a baseline model where there are no covariances. The Tucker-Lewis Index
for the CFA model is .926, above the .90 minimum threshold generally used (Sharma et al.,
2005) for good model fit. Additionally, the root mean square error of approximation (RMSEA)
was calculated, a common goodness-of-fit indicator for SEM applications, such as CFA (Kenny et
al., 2015). The RMSEA for the CFA model was .050 (90% CI = .042;.058), a value that remains
below the suggested ceiling of .06 (Sharma et al., 2005), indicating good model fit. The standard
root mean square residual (SRMR) provided one more oft-used metric for model fit. According
to Pavlov et al. (2021), the SRMR “is suitable for assessing how well the assumed (theorized)
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model reproduces the observed associations among the variables in an interpretable manner”
(p. 144). For this study, the SRMR was calculated to equal .061, smaller than the maximum
recommended threshold of .08 (Hu & Bentler, 1999).
CFA Results with Parameter Estimates
Table 4 shows the results from the CFA using the hypothesized factor structure (see
Appendix K).

Table 4
Results of CFA Factor Model
95% CI
Variable

Unstd Est

SE

LL

UL

p

Std Est

Scientific Argumentation
Argument (SSI 1)
Coder 1
Coder 2
Coder 3

1.069
0.982
0.949

0.045
0.041
0.040

0.982
0.902
0.871

1.157
1.062
1.027

<.001
<.001
<.001

0.818
0.856
0.853

Argument (SSI 2)
Coder 1
Coder 2
Coder 3

1.062
1.146
0.791

0.069
0.063
0.057

0.927
1.023
0.680

1.198
1.270
0.903

<.001
<.001
<.001

0.665
0.847
0.698

Counter (SSI 1)
Coder 1
Coder 2
Coder 3

0.988
1.071
0.942

0.047
0.041
0.039

0.896
0.990
0.865

1.079
1.152
1.019

<.001
<.001
<.001

0.768
0.877
0.857

Counter (SSI 2)
Coder 1
Coder 2
Coder 3

1.160
1.234
0.606

0.062
0.053
0.037

1.040
1.130
0.533

1.281
1.339
0.679

<.001
<.001
<.001

0.680
0.895
0.783
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Rebuttal (SSI 1)
Coder 1
Coder 2
Coder 3

1.021
1.171
0.808

0.045
0.040
0.038

0.933
1.091
0.733

1.109
1.250
0.883

<.001
<.001
<.001

0.783
0.930
0.805

Rebuttal (SSI 2)
Coder 1
Coder 2
Coder 3

1.085
1.291
0.624

0.059
0.053
0.041

0.970
1.188
0.542

1.200
1.394
0.705

<.001
<.001
<.001

0.676
0.970
0.707

Scientific Argument Skill (SSI 1)
0.988
Argument 1
1.033
Counter 1
0.979
Rebuttal 1

0.018
0.018
0.018

0.952
0.999
0.944

1.023
1.068
1.014

<.001
<.001
<.001

0.842
0.887
0.830

Scientific Argument Skill (SSI 2)
1.022
Argument 2
1.010
Counter 2
0.967
Rebuttal 2

0.015
0.014
0.015

0.993
0.983
0.938

1.052
1.038
0.996

<.001
<.001
<.001

0.837
0.845
0.796

Nature of Science
Subjective (SSI 1)
Coder 1
Coder 2
Coder 3

1.132
1.078
0.790

0.075
0.069
0.062

0.984
0.943
0.669

1.280
1.213
0.911

0.000
0.000
0.000

0.653
0.870
0.680

Subjective (SSI 2)
Coder 1
Coder 2
Coder 3

1.231
1.090
0.679

0.105
0.091
0.080

1.025
0.912
0.523

1.437
1.268
0.836

0.000
0.000
0.000

0.560
0.748
0.541

Tentative (SSI 1)
Coder 1
Coder 2
Coder 3

1.259
1.117
0.624

0.136
0.120
0.118

0.992
0.882
0.393

1.527
1.352
0.854

0.000
0.000
0.000

0.464
0.587
0.344

Tentative (SSI 2)
Coder 1

1.363

0.093

1.181

1.545

0.000

0.637
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Coder 2
Coder 3

0.895
0.742

0.080
0.077

0.739
0.591

1.051
0.892

0.000
0.000

0.740
0.556

1.295
0.826
0.879

0.130
0.103
0.109

1.040
0.623
0.666

1.550
1.028
1.093

0.000
0.000
0.000

0.501
0.546
0.525

1.472
0.729
0.799

0.087
0.071
0.068

1.302
0.589
0.665

1.643
0.868
0.933

0.000
0.000
0.000

0.660
0.671
0.652

Nature of Science (SSI 1)
Subjective 1
Tentative 1
Empirical 1

1.055
1.088
0.857

0.014
0.008
0.008

1.028
1.072
0.841

1.082
1.104
0.873

0.000
0.000
0.000

0.608
0.976
0.749

Nature of Science (SSI 2)
Subjective 2
Tentative 2
Empirical 2

1.062
1.012
0.926

0.012
0.007
0.007

1.038
0.997
0.912

1.086
1.026
0.941

0.000
0.000
0.000

0.809
0.793
0.695

Empirical (SSI 1)
Coder 1
Coder 2
Coder 3
Empirical (SSI 2)
Coder 1
Coder 2
Coder 3

Note. Non-indented items in the variable column are factors, while indented items are
indicators.

Overall, the CFA model results displayed in Table 4 confirm the hypothesized factor
structure, with statistically significant p-values for all indicators, meaning that each indicator’s
loading differs significantly from zero. The standardized estimates of each indicator can be
thought of as the influence of that indicator and the factor (latent variable). To provide scale for
interpretation, Comrey and Lee (2013) suggest a scale where any loading below 0.32 is
considered poor, 0.45 is considered fair, 0.55 good, 0.63 very good, and any loading over 0.71 is
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considered excellent. In the case of this study, the standardized estimates of factor loadings
show high influence of most indicators on their factors, meaning that each coder’s contribution
had a high degree of influence on the scores for the estimates of NOS understanding and SA
skill. Comparing NOS and SA factors, factor loadings tended to be higher for SA and relatively
lower for NOS. However, all but one of the 48 factor loadings meet the suggested minimum
threshold of 0.40 for retention in the model (McNeish et al., 2018). Based on the study design,
the marginal lowest factor loading of 0.34, and overall good model fit, all indicators (coder’s
coding data) were retained, and the CFA model was used in next step of the analysis.
Factor Scores and Descriptive Statistics of Baseline NOS and SA
Based on strong model fit indices and relatively high factor loadings, the CFA model was
determined an acceptable tool to generate factor scores for further data analysis. Factor scores
are analogous to the composite scores they replace for this study. The CFA model used a
regression method of factor score extraction to estimate participants’ true NOS understanding
and SA skills, based on the shared variance of the 3 expert coder evaluations and the other
correlations that exist between observed variables and factors in the model (Logan et al., 2018).
The factor scores that result from this approach closely adhere to the observed variable’s range
but have more possible values due to the numerous model influences on each individual factor
score estimate. Table 5 shows the descriptive statistics for participant factor scores on NOS and
SA components, as well as the comprehensive 2nd order NOS and SA factors.
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Table 5
Descriptive Statistics of NOS and SA Factor Score Estimates
M

SD

Med

Min

Max

1.96
1.76
1.90
1.38
1.66
1.40
1.80
1.57

0.11
0.35
0.18
0.21
0.01
0.19
0.16
0.52

3.93
3.24
3.81
2.82
3.27
2.82
3.52
2.87

1.95
1.81
1.53
1.43
1.38
1.31
1.59
1.56

1.13
1.11
1.05
1.14
0.93
1.01
1.13
1.05

3.04
2.87
2.39
2.97
2.21
2.94
2.38
2.35

Scientific Argumentation
Argument (SSI 1)
Argument (SSI 2)
Counter (SSI 1)
Counter (SSI 2)
Rebuttal (SSI 1)
Rebuttal (SSI 2)
Scientific Argumentation (SSI 1)
Scientific Argumentation (SSI 2)

1.92
1.83
1.82
1.50
1.60
1.49
1.78
1.61

0.85
0.62
0.85
0.62
0.87
0.66
0.72
0.52

Nature of Science
Subjective (SSI 1)
Subjective (SSI 2)
Tentative (SSI 1)
Tentative (SSI 2)
Empirical (SSI 1)
Empirical (SSI 2)
Nature of Science (SSI 1)
Nature of Science (SSI 2)

1.84
1.78
1.55
1.55
1.42
1.43
1.60
1.59

0.45
0.34
0.29
0.34
0.28
0.36
0.25
0.27

Note. Range for observed variables of SA is 0-4; for NOS 1-3. Because the factor scores
generated using the model represent estimates of an underlying construct, scores may extend
outside the range of observed variables.

For both SA skill and NOS understanding factors, the mean scores were below the
midpoint of the scale (midpoint = 2). However, there was considerable spread in the scores,
based on the relatively large coefficients of variation (SD/M). The 2nd order factors, estimating
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comprehensive scientific argumentation skill and nature of science understanding showed a
similar pattern, all four means below the midpoint of their respective scales. These factors also
showed considerable spread in the data.
Study Results by Research Question
Research Question 1: To what extent and in what way does nature of science (NOS)
understanding correlate with scientific argumentation (SA) skill when addressing a
socioscientific issue (SSI)?
NOS and SA component scores were tested for correlation using Pearson’s r. Because a
total of 32 potential correlations were tested, the Bonferroni adjustment was used to mitigate
the elevated potential for Type I error. As more tests of significance are performed, the
likelihood of rejecting one of the null hypotheses erroneously (Type I error) increases (Bland &
Altman, 1995). The Bonferroni adjustment reduces the p-value for statistical significance by
dividing the original p-value accepted for statistical significance (α = .05) by the number of tests
(κ = 32), leading to an adjusted p-value of .05/32 = .00156 (Bland & Altman, 1995). For both
SSIs, all NOS and SA components showed positive, statistically significant correlations (See
Table 6). This means that each scored component of NOS understanding and SA skill varied
together. For example, participants with higher rebuttal SA skill tended to also have a more
developed understanding of the tentative nature of science (SSI 1: r = .67; SSI 2: r = .46). To take
another example, participants who exhibited lower counterargument skill tended to score
lower on the subjective nature of science (SSI 1: r = .46; SSI 2: r = .62). For the 18 correlations
that examined with NOS-SA comparisons specifically, the strength of associations varied from
medium to large (Cohen, 1988).
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In addition to the correlations shown in Table 6, second-order NOS-SA correlations were
examined for both SSI 1 and SSI 2. For both SSIs, the variables exhibited very strong positive
correlations (SSI 1: r = .80, p <.001; SSI 2: r = .94, p < .001).
Table 6
Descriptive Statistics and Correlations for NOS and SA Factor Variables from Two SSIs
Variable

M

SD

1

2

3

4

5

6

SSI 1
1. Argument

1.92

0.85

—

2. Counter

1.82

0.85

0.79

—

3. Rebuttal

1.60

0.87

0.79

0.80

—

4. Subjective

1.84

0.45

0.30

0.46

0.39

—

5. Tentative

1.55

0.29

0.65

0.76

0.67

0.43

—

6. Empirical

1.42

0.28

0.66

0.75

0.67

0.39

0.98

—

SSI 2
1. Argument

1.83

0.62

—

2. Counter

1.50

0.62

0.77

—

3. Rebuttal

1.49

0.66

0.72

0.71

—

4. Subjective

1.78

0.34

0.55

0.62

0.62

—

5. Tentative

1.55

0.34

0.48

0.51

0.46

0.43

—

6. Empirical

1.43

0.36

0.47

0.59

0.53

0.48

0.98

Note. For all correlations, p < .001. n = 195 for all factor variables.

102

—

Research Question 2: To what extent and in what way does the correlation between the
measured level of NOS understanding and SA skill vary with SSI scenario?
To answer this research question, Pearson r correlation coefficients were converted to
Z-scores using Fisher-Z transformations. The confidence intervals of the Z-scores were then
analyzed to see whether they overlapped between SSIs. As with the statistical testing for
research question 1, the Bonferroni adjustment was used to determine a higher bar of
statistical significance to guard against Type I error (Bland & Altman, 1995). Based on 16
comparisons, the new p-value for research question 2 was calculated as p < .05/16 = .003125.
Only one of the 15 NOS-SA component correlations showed a statistically significant
difference between SSI 1 and SSI 2 (See Table 7). This means that except for the correlation
between counterargument (SA) and tentative (NOS), no NOS-SA component correlations
differed in strength of association between the first and second socioscientific issue scenarios.
However, the second-order NOS-SA correlations did show a statistically significant difference,
with the SSI 1 second-order NOS-SA correlation higher than the SSI 2 correlation (SSI 2 – SSI 1 =
.14).
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Table 7
Differences Between SSI 1 and SSI 2 Correlations
Variable

1

1. Argument

—

2

3

4

5

2. Counter

-0.02

—

3. Rebuttal

-0.07

-0.09

—

4. Subjective

0.25

0.16

0.23

—

5. Tentative

-0.17

-0.25*

-0.21

0.00

—

6. Empirical

-0.19

-0.16

-0.14

0.09

0.00

6

—

Note. Positive values indicate a stronger correlation between factor variables in SSI 2 than SSI 1.
* Indicates a statistically significant p-value using the Bonferroni adjustment p < .05/16 =
.003125

Research Question 3: To what extent and in what way does the measured level of NOS
understanding or SA skill differ with SSI scenario?
To examine the extent to which measured NOS understanding and SA skill may differ
with SSI scenario, paired t-tests were used. Like previous research questions, the risk of Type I
error was elevated based on the number of comparisons made in the analysis. To mitigate the
risks of elevated Type I error, the Bonferroni adjustment was used, in this case decreasing the
p-value required for a significant result from α = .05, to p < .05 / 8 = .00625.
Only one NOS or SA component score showed a statistically significant mean difference
between the two SSIs—the SA component counterargument (See Table 8). The mean difference

104

for counterargument was 0.32 [95%CI = 0.24; 0.39], demonstrating that counterargument
scores on SSI 1 were significantly higher on average, when compared to counterargument
scores on SSI 2. In terms of second-order variables, NOS showed no statistically significant
difference in mean score between the SSIs, while SA did show a significant difference. The
mean difference of SA scores was 0.17 [95%CI = 0.11; 0.23], showing that SA scores were higher
on average for SSI 1 than SSI 2.

Table 8
Results of Paired t-tests Examining Differences in Factor Variables Between SSI Scenarios
95% CI
t(194)

p

MD

LL

UL

Cohen’s d

Argument
Counter
Rebuttal

1.77
8.47
2.50

.077
<.001*
.013

0.09
0.32
0.11

-0.01
0.24
0.02

0.18
0.39
0.20

0.13
0.61
0.18

NOS Factor Variables
Subjective
Tentative
Empirical

2.50
0.36
-0.62

.013
.719
.537

0.06
0.01
-0.01

0.01
-0.02
-0.04

0.11
0.03
0.02

0.18
0.03
0.04

2nd Order Factor Variables
SA
NOS

5.50
2.73

<.001*
.007

0.17
0.02

0.11
0.01

0.23
0.03

0.39
0.20

SA Factor Variables

Note. *Indicates statistical significance using Bonferroni adjustment: p < .05/8 = .00625
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Research Question 3A: To what extent and in what ways does the measured level of NOS
understanding vary with familiarity, prior knowledge, or personal relevance of SSI scenario?
To explore this question, multiple regression analyses were used. Two individual
multiple regression analyses were carried out. NOS second-order variables from SSI 1 and SSI 2
were used as dependent variables and the participant-reported variables of personal relevance,
prior knowledge of topic, and familiarity with the debate were utilized as predictors.
The results of the multiple regression analyses showed very weak predictive value of the
overall models for both SSIs (See Table 9). The NOS model for SSI 1 was not statistically
significant (F(3,191) = 2.52, p = .059), although the model did approach the p = .05 standard
threshold. Despite this model approaching statistical significance, the predictors collectively
explained a negligible amount (2.3%) of the variance in the NOS scores (Adj R2 = 0.023).
The NOS model for SSI 2 did account for a statistically significant variation in the
outcome (F(3,190) = 4.54, p = .004). The results between the predicted and observed outcomes
suggest a weak to moderate strength of association (r = 0.26), in which the model accounts for
5.2% of the variance in NOS scores for SSI 2 (R2 = 0.052). Within the model, personal relevance
of the topic was the only statistically significant predictor (β = 0.22, p <.001). This means that on
average, participants who reported higher levels of personal relevance for the water
fluoridation SSI tended to exhibit higher NOS scores, and vice versa. However, the strength of
association was again weak to moderate (β = 0.22), and this result was only seen on SSI 2, not
SSI 1.
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Table 9
Results of Multiple Regression Analyses of SSI Characteristics as Predictors of NOS and SA Scores
SSI Characteristics
NOS, SSI 1
Overall model
Relevance
Prior knowledge
Familiarity
NOS, SSI 2
Overall model
Relevance
Prior knowledge
Familiarity
SA, SSI 1
Overall model
Relevance
Prior knowledge
Familiarity
SA, SSI 2
Overall model
Relevance
Prior knowledge
Familiarity

t

-0.67
2.03
0.23

3.11
-1.57
-0.17

-0.04
1.65
0.92

2.38
-1.30
0.23

p

0.50
0.0441*
0.82

<.001***
0.12
0.87

0.97
0.10
0.36

0.0186*
0.20
0.82

β

F

df

p

adj. R2

2.52

3, 191

0.059

0.023

4.54

3, 190

0.004**

0.052

3.28

3, 191

0.022*

0.034

2.45

3, 190

0.065

0.022

-0.05
0.19
0.02

0.22
-0.16
-0.02

0.00
0.16
0.09

0.17
-0.13
0.02

Note. *p < .05, **p < .01, ***p < .001.
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Research Question 3B: To what extent and in what ways does the measured level of SA skill
vary with familiarity, prior knowledge, or personal relevance of SSI scenario?
In parallel fashion to research question 3A, multiple regression analyses were used to
examine whether any of the three SSI characteristics were predictive of SA scores. SA secondorder variables from SSI 1 and SSI 2 were used as dependent variables and the participantreported variables of personal relevance, prior knowledge of the topic and familiarity with the
debate were once again used as predictors.
As with the NOS analyses, the results of the SA-focused multiple regression analyses
showed very weak predictive value of the overall models for both SSIs (See Table 9). The SA
model for SSI 1 was statistically significant (F(3,191) = 3.28, p = .022). The results between the
predicted and observed outcomes for this model show a weak strength of association (r = .18).
The predictors collectively explained only explained 3.4% of the variance in the SA scores (Adj
R2 = 0.034). Also, none of the individual predictors were statistically significant predictors of
variance in the SA scores for SSI 1.
The SA model for SSI 2 did not show statistical significance (F(3,190) = 2.45, p = .065), but
the p-value of this model does at least approach the p = .05 standard. On an individual
predictor level, personal relevance of the topic appears to be a statistically significant positive
predictor of variance in SA scores for SSI 2 (β = 0.17, p = .019). However, the strength of
association is weak. Neither of the other two predictors have statistically significant
associations with SA scores.
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Summary
In this chapter, an explanation of data analysis and results of a study on high school
students’ nature of science knowledge and scientific argumentation skills in the context of
Socioscientific issues was presented. The results of intraclass correlation analysis showed
generally acceptable intercoder agreement of the survey instrument coding. Next, the
outcomes of a unique implementation of a CFA model to generate variable factor scores were
analyzed, showing overall that the CFA model fit well with the data, and could be reasonably
used to generate factor scores for further analysis.
The results of research question 1 showed that there were moderate and strong
correlations between NOS-SA components, as evidenced by Pearson correlations. For research
question 2, a comparison of NOS-SA component correlations between SSIs revealed general
stability. Only the Tentative (NOS) – Counterargument (SA) showed a significant difference in
the extent of correlation between the two SSIs. Largely due to the influence of this one
relationship, the overall NOS-SA correlation did show a small, but statistically significant
difference between the two SSIs. Similarly, the results of research question 3 indicated relative
stability in demonstrated NOS understanding and SA skill between the two SSIs. None of the
NOS components showed statistically significant differences in scores between the two SSIs. For
SA, only the counterargument component showed a statistically significant difference.
Influenced primarily by the counterargument component, overall SA scores also showed a
statistically significant difference between SSIs. Finally, for research question 3, no clear trends
emerged from the multiple regression analyses designed to determine the extent to which SSI
personal relevance, prior knowledge, and familiarity with the debate were predictive of NOS or
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SA score. Only one regression exhibited both a statistically significant overall model and
individual predictor. In SSI 1, personal relevance was a weak but statistically significant
predictor of NOS score.
In Chapter 5, the results of the study are analyzed and situated within the broader
research context. Implications for educators and directions for future related research are also
offered.
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Chapter 5
This dissertation study was conducted to explore the relationship between nature of
science knowledge (NOS) and scientific argumentation skill (SA) in the context of Socioscientific
issues (SSI). The final chapter reviews the research foundations undergirding the study and
restates the research problem. After a brief review of methodology, the results of the study are
summarized. Next, a discussion of the results seeks to describe how findings from the study
compare and contrast with previous research findings in the field. Finally, recommendations for
educators and directions for future related research are offered.
Research Foundations
This study explores the intersection of several constructs of focus within science
education: nature of science (NOS), scientific argumentation (SA), and socioscientific issues
(SSI).
Nature of Science
Nature of science (NOS) knowledge can be defined as an understanding of how scientific
knowledge is generated, validated, and communicated (Abd-El-Khalick & Lederman, 2000).
Within research, NOS is frequently conceptualized in the consensus view (Lederman, 2007;
McComas et al., 2002), which holds that 1) science is subjective; experts can look at the same
scientific data and interpret it differently, coming to different conclusions, 2) science is
tentative; what is known in science at this time may change in the future, and 3) science is
empirical; it is a way of knowing that relies on what can be carefully observed. Perhaps due to
its centrality in understanding the scientific enterprise, the teaching and learning of NOS has
garnered significant research attention (Lederman & Abell, 2014) and has held prominent
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standing in national science standards documents for decades (American Association for the
Advancement of Science, 1993; National Research Council, 1996; National Science Teaching
Association, 1982; NGSS Lead States, 2013c).
The broad agreement on the importance of NOS knowledge within science curriculum
and instruction has led to considerable research on both the baseline extent of students’ NOS
understandings and interventions that may prove effective in improving those understandings.
Large scale studies exploring baseline student NOS understandings conducted at various grade
levels and across international borders are remarkably consistent in showing that students do
not have informed and sophisticated NOS understandings (Deng et al., 2011; Dogan & Abd-ElKhalick, 2008; Kang et al., 2005). Prominent researchers have called for interventions beyond
the science education status quo to improve student outcomes in NOS (Abd-El-Khalick, 2014;
Lederman & Lederman, 2014).
Research on interventions to improve NOS understandings have shown explicit
reflective approaches to be most effective (Abd-El-Khalick & Lederman, 2000; Deng et al., 2011;
Lederman & Lederman, 2014). In an explicit reflective approach to NOS teaching, instructors
directly teach the tenets of NOS, and provide students with authentic contexts to apply those
tenets (Khishfe & Abd-El-Khalick, 2002). Some researchers have argued that the application of
NOS knowledge to authentic contexts necessarily draws on a student’s ability to use logic and
marshal evidence in a coherent way (Duschl & Osborne, 2002; Sandoval & Millwood, 2007).
This ability to use logic with appropriate scientific evidence is captured in the construct of
Scientific Argumentation (SA) skill (Driver & Newton, 2000).
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Scientific Argumentation
Scientific argumentation (SA) has been defined many ways (Jiménez-Aleixandre &
Erduran, 2007), but one common conceptualization in the literature aligns well with many
interventional studies; it uses three components: (a) a scientific claim, (b) evidence that
supports that claim, and (c) reasoning that provides the logic supporting the credibility and
applicability of evidence (Driver & Newton, 2000). As with NOS understanding, SA skill has
received significant research attention over the past two decades (Lederman & Abell, 2014),
and has risen in prominence in both national standards (NGSS Lead States, 2013b) and on
college entrance science exams (ACT, 2021).
Research on SA has explored two related lines. One line of research has focused on
interventions to increase SA skill (Cavagnetto, 2010). Work in this area has shown the efficacy
of an explicit instruction/student-dialogue approach to improve students’ SA skill (Kuhn et al.,
2017; Murphy, Greene, Allen, et al., 2018; Ping et al., 2020). In an explicit instruction/student
dialogue approach, educators use direct instruction to teach students about the structure of
the sound scientific arguments (explicit instruction), then challenge students to apply this in
scientific argument activities that focus on student-student dialogue (Murphy, Greene, Allen, et
al., 2018).
A second line of research on SA has focused on the potential effect of SA on other
science learning outcomes. Because SA requires students to process science content as
intellectual source material, some researchers have proposed that the practice of SA may lead
enhance other science education outcomes (Cross et al., 2008; Giri & Paily, 2020; Gultepe &
Kilic, 2015). While effect sizes tend to be low, research suggests that the practice of SA may
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enhance the development of science process skills (Gultepe & Kilic, 2015; Ping et al., 2020),
scientific competency outcomes (Tsai, 2018), and critical thinking (Giri & Paily, 2020).
Use of Socioscientific Issues
As shown in the preceding sections, NOS and SA applications are not possible without
some context. In researching student NOS knowledge and SA skill, the contexts used are often
categorized as scientific or socioscientific (Eastwood et al., 2012; Khishfe, 2019). The use of
socioscientific issues (SSI) has gained attention for providing potentially superior context for
NOS and SA application, due to inclusion of moral and ethical dimensions in SSI (Sadler et al.,
2007). The use of real-world, controversial SSIs (e.g., the use of genetically modified organisms
in food production) as context in NOS and SA applications has been linked to increased student
engagement (Cavagnetto, 2010) increased SA skill development (Iordanou & Constantinou,
2015; Venville & Dawson, 2010), and increased NOS understanding (Bell et al., 2011; Wongsri &
Nuangchalerm, 2010).
NOS—SA Connection in Context of SSI
Individually, each of these topics (NOS, SA, and SSI) has garnered significant attention
within the science education research community (Lederman & Abell, 2014). NOS and
especially SA figure prominently within current national science standard documents and
standardized tests (ACT, 2021; NGSS Lead States, 2013b, 2013c). Research has shown some
promising results in the use of SSI as context for teaching NOS (Bell et al., 2011; Wongsri &
Nuangchalerm, 2010) and SA (Dawson & Venville, 2013; Gutierez, 2015; Iordanou &
Constantinou, 2015; Venville & Dawson, 2010) individually.
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Recently, a small number of scholars have explored the potential connection between
NOS and SA in the context of SSI (McDonald, 2017). The theoretical rationale for this research is
explained by several authors who contend that the practice of forming a sound scientific
argument requires a developed understanding of how scientific knowledge is generated (Duschl
& Osborne, 2002; Nussbaum et al., 2008; Sandoval & Millwood, 2007). Empirical studies to
determine the extent of the relationship of NOS and SA in the context of SSI have not shown
clear consensus. Some studies have presented evidence of a connection (Bell & Linn, 2000;
Khishfe, 2012b; Liu et al., 2011), while others have found none (Khishfe, 2017). In addition to
the need for more work on the extent of NOS-SA relationship, researchers have called for more
work to establish how SSI characteristics may impact the application of student’s NOS
understandings and SA skills (Khishfe, 2012b; McDonald, 2017). With a better sense of the
relationship between NOS-SA and some indications of SSI characteristics that influence
students’ application of NOS and SA, future interventions may be developed that optimize NOS
and SA student outcomes.
Statement of Research Problem
Given the background and the need for continuing research in this area, the following
research questions will be explored through this study:
Research Question 1: To what extent and in what way does nature of science
(NOS) understanding correlate with scientific argumentation (SA) skill when
addressing a socioscientific issue (SSI)?
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Research Question 2: To what extent and in what way does the correlation
between the measured level of NOS understanding and SA skill vary with SSI
scenario?
Research Question 3: To what extent and in what way does the measured
level of NOS understanding or SA skill differ with SSI scenario?
Research Sub-question 3A: To what extent and in what ways does the
measured level of NOS understanding vary with familiarity, prior
knowledge, or personal relevance of SSI scenario?
Research Sub-question 3B: To what extent and in what ways does the
measured level of SA skill vary with familiarity, prior knowledge, or
personal relevance of SSI scenario?
Review of Methodology
In Chapter 3, the research for this study was identified as a quantitative study of high
school students’ nature of science (NOS) understandings and scientific argumentation (SA) skill
in the context of two socioscientific issues (SSI). Study data were collected from students at a
suburban high school in the Midwest region of the United States. Student participants
completed an online assessment in which they read two vignettes that described separate SSIs
and responded to open-ended items designed to assess their NOS understandings and SA skills.
A total of 195 assessments from 16-year-old high school students were used in the analysis.
In addition to the researcher, two teachers certified in secondary science were recruited
to code open-ended responses on each assessment. These expert coders were trained on
hypothetical examples during a coder meeting, where the shared rubric was explained, and the
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coding process was elaborated. After training, each coder independently coded each
assessment. The resulting coded assessment data were used to generate factor scores for each
of three NOS understanding components (Subjective, Tentative, Empirical) and three SA skill
components (Argument, Counterargument, Rebuttal). Overall NOS and SA scores were also
computed. Once factor scores were generated, various statistical techniques were used to
address research questions:
•

Question 1- Pearson correlations

•

Question 2- Fisher Z transformations of Pearson correlations

•

Question 3- Paired t-tests

•

Questions 3A & 3B- Multiple linear regressions
Summary of Results
The analysis of study data suggested a medium to strong relationship between NOS

knowledge and SA skill. Pearson correlation analyses of each NOS-SA component combination
exhibited statistically significant correlations. The overall NOS-SA variables also showed strong
correlation. This means that students who showed sophisticated NOS understandings also
tended to demonstrate more advanced SA skills on the assessment.
The second primary analytic goal in this study was to determine whether high schoolers’
NOS knowledge and SA skill are applied similarly across SSI contexts. Here, the analyses indicate
relative stability between SSI contexts. The strengths of NOS-SA component correlations were
mostly consistent between the two SSIs; comparisons of NOS and SA score means between the
two SSIs similarly showed few differences. These results mean that high school students who
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scored at one level for NOS understanding or SA skill on the first SSI were likely to score near
that level for the second SSI in the assessment.
The third and final analytic goal of the study was to determine whether any of three SSI
characteristics: familiarity with debate surrounding SSI, prior knowledge of SSI, and personal
relevance of SSI—influenced students’ demonstration of NOS understandings or SA skills. No
clear trends emerged from this analysis. There appeared to be no consistent relationships
between any of the aforementioned SSI characteristics and NOS or SA scores.
Discussion of Results
State of NOS Understanding and SA Skill
Before a discussion of results in relation to specific research questions for this study, it is
worthwhile to address the baseline level of NOS understanding and SA skill as assessed on the
CSI instrument for comparison to previous work from recent science education research. For
NOS understanding, the mean scores for each component (Subjective, Tentative, Empirical) as
well as the mean for overall NOS score were below the midpoint of the scale (See Table 5). This
means that overall, students in this study struggled with the ideas that 1) experts in scientific
research can interpret the same data and reach different conclusions (subjective), 2) scientific
knowledge can change over time (tentative), and 3) science relies on careful observation as a
means of building new knowledge (empirical). These results are in line with previous large-scale
studies that showed generally low baseline levels of NOS understanding in high school students
(Deng et al., 2011; Dogan & Abd-El-Khalick, 2008; Kang et al., 2005).
The relatively low levels of NOS understanding scores may be in part explained by
instructional patterns used for the topic. Just under a quarter (24.1%) of participants for this
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study reported they had received previous instruction in NOS. The remaining participants
indicated that they had not received previous NOS instruction (28.1%) or were unsure (47.7%).
The participants who reported previous NOS instruction likely received explicit instruction on
the topic, which numerous studies have shown to be the most effective approach for improving
NOS understanding (Abd-El-Khalick & Lederman, 2000; Deng et al., 2011; Lederman &
Lederman, 2014). The participants who indicated that they hadn’t received NOS instruction or
were unsure (75.8%) have nonetheless likely received implicit NOS instruction through other
science education activities. This inference can be made confidently, because implicit NOS
instruction has been used to describe science activities that are ubiquitous in secondary science
education, including the running of an experiment or analyzing of data to draw a conclusion
(Yacoubian & BouJaoude, 2010). However, the use of these implicit approaches to increase NOS
understanding have been shown to be less effective (Khishfe & Abd-El-Khalick, 2002; Yacoubian
& BouJaoude, 2010), which may explain the overall low levels of NOS understanding among
participants in the sample.
Scientific argumentation (SA) skill scores showed a pattern similar to NOS
understanding. Averages of SA component scores were all below the midpoint of the scale. On
average, participants showed the most advanced skill on the formation of arguments (initial
stance backed by scientific evidence), less advanced skill on counterargument (taking the
opposing stance, and backing it with scientific evidence), and lowest skill on rebuttal
(responding to the counterargument with scientific evidence; see Table 5). Taken together, the
results of relatively low SA scores in this study are in agreement with previous studies that
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showed low baseline SA scores without specific interventions (Engelmann et al., 2016; Kuhn et
al., 2017; Murphy, Greene, Allen, et al., 2018; Ping et al., 2020).
In even more dramatic fashion than NOS, the self-reported level of previous instruction
in SA may explain the low baseline SA scores for the students in this study. Only a small
minority (11.8%) of participants indicated that they had previously received instruction on SA.
While it is possible that students had received similar argumentation instruction in other
subjects through debate or persuasive writing instruction in language arts, the potential
connection between low SA score averages and little formal instruction on the topic match with
prior research (Engelmann et al., 2016; Kuhn et al., 2017; Murphy, Greene, Allen, et al., 2018;
Ping et al., 2020).
Research Question 1: Relationship between NOS and SA in Context of SSI
The first major analytical goal of this study was to determine the extent of any
connection between students’ NOS understandings and SA skills in the context of SSIs. The
results showed statistically significant, medium to strong correlations for all NOS-SA component
combinations, as well as NOS-SA overall. This means that students who were able to display
relatively sophisticated NOS understandings on the assessment were, on average, also able to
demonstrate more advanced SA skills. The opposite was also true: students who scored lower
on NOS tended to also score lower for SA.
These findings support the theoretical views of science education researchers who have
argued that the generation of effective scientific arguments rely to some extent on one’s
understanding of the epistemological basis of science knowledge (Duschl & Osborne, 2002;
Sandoval & Millwood, 2007). Because no directionality of the relationship between NOS and SA
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can be inferred from this study, it is also possible that the structure and norms of scientific
argumentation inform students’ NOS understandings, as argued by Nussbaum et al. (2008).
Previous empirical studies have not shown clear consensus on the potential connection
between NOS-SA. The research study on which the current study is based found some evidence
of NOS-SA component correlations (statistical significance in 13 out of 18), but nearly all of
these correlations were small (p < .3), and the analysis did not account for family-wise error
(Khishfe, 2012b). Other studies have also shown evidence of a NOS-SA connection (Bell & Linn,
2000; Liu et al., 2011), while at least one large study has shown no evidence of a connection
(Khishfe, 2017).
In comparison to previous research on the connection between NOS and SA in the
context of SSI, this study adds weight to the argument for a well-defined connection. The
results suggest a strong connection between NOS understanding and SA skill. Using the same
instrument and analyzing responses from participants of the same age (16-year-olds) as Khishfe
(2012b), results from this study showed statistically significant correlations for all NOS-SA
components while accounting for family-wise error. It is important to note, however, that the
samples draw from different education systems. Khishfe (2012b) studied students within the
Lebanese education system, while the current study focused on students in the American
system.
Upon closer inspection, several trends in Khishfe (2012b) are also present in the results
for the current study, suggesting a degree of comparability in the samples. In both studies, SA
component scores of counterargument are more highly correlated with each NOS component
than argument or rebuttal. It seems that in both samples, the ability to construct an argument
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with appropriate scientific evidence that runs counter to your personally held position
(counterargument) is somehow connected to NOS understanding. It may be that a higher
counterargument score indicates an underlying open-mindedness, a mental space for
alternative viewpoints or changes in one’s own thinking on a topic. This open-mindedness
might also then explain a student’s baseline openness to the idea that scientific experts might
disagree, despite looking at the same evidence, or the idea that science could change over time
due to new evidence. An exploration of students’ commitment to their viewpoints or openmindedness generally may better clarify these intriguing results.
Research Question 2: The Stability of NOS-SA relationship between SSI Scenarios
The second major analytical goal of this study was to determine whether the
relationship between students’ measured NOS understanding and demonstrated SA skill were
stable across socioscientific contexts (SSI). The results of this study indicated relative stability
between the two SSI scenarios. Only one NOS-SA component correlation showed a statistically
significant difference between the two SSIs. These results mean that on average, the extent to
which students’ NOS component scores track with their SA component scores does not change,
based on the socioscientific context used to evaluate those constructs.
There was, however, a notable exception to this trend. The counterargument-tentative
correlation did show a statistically significant difference in strength between the two SSIs (See
Table 7). The difference can be accounted for largely by the lower counterargument scores in
SSI 2, relative to SSI 1 (See Table 7). For this study, counterargument was assessed with openended items that prompt participants to generate scientific arguments with appropriate use of
evidence for a viewpoint that is opposite to the one they personally hold.
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When responding to the counterargument prompt, many students struggled with this
task for SSI 2, with some unwilling to complete the task, writing instead responses like, “I
cannot be convinced I am stubborn and a believer of my work”, “I won't be convinced
otherwise”, and “I don't think anything could change my mind”. Responses like these brought
down the average score for counterargument in SSI 2 and likely contributed to the result
running counter to the overall trend. Interestingly, the same struggles were not seen for SSI 1.
One possible explanation for this difference connects to emotions and strength of
conviction in one’s viewpoint for SSIs. Sadler et al. (2004), Zeidler et al. (2002), and Bell and
Lederman (2003) all found that decision-making (a related construct to counterargument) in the
context of an SSI was influenced by personal opinions and beliefs. In this case, students’
personal beliefs surrounding the justification for municipal water fluoridation (SSI 2) may have
had an outsized influence on their response to the counterargument prompt. Based on a
qualitative read of participant responses across items, the belief that the government should
not have the power to add fluoride to municipal water without individual citizen consent
seemed to supersede any other consideration and make it particularly difficult for some
participants to construct a scientific argument from the opposing point of view
(counterargument), that supported the use of fluoride in municipal water using scientific
evidence from the vignette.
Previous studies on the connection between NOS and SA have not explored stability
with tests of statistical significance. However, a comparison of correlations between SSI
presented in Khishfe (2012b) seems to show differences, where the correlations for SSI 2 were
higher than for SSI 1. The current study contrasts with these findings, showing stability in all
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NOS-SA component combinations, except for counterargument-tentative. Based chiefly on the
extreme counterargument difference between the two SSIs, the overall NOS-SA correlation also
shows a small, but statistically significant difference.
The contrast in NOS-SA correlation stability between this study and previous work could
be linked to student familiarity with the SSIs. Khishfe (2017) and Urhahne et al. (2011) found
that contexts more familiar to students tended to elicit higher NOS scores than contexts that
were less familiar. If NOS-SA correlations follow a similar pattern and the SSI contexts from the
CSI assessment instrument had greater consistency in familiarity for the American students
than they did for their Lebanese counterparts, that difference may provide an explanation for
the contrasting correlation stability between Khishfe (2012b) and this study.
Research Question 3: Differences in NOS or SA with SSI Scenario
As a continuation of the second major analytical goal of this study, the participant data
were analyzed to determine whether any differences could be found in NOS or SA component
scores between the two SSI scenarios. The results of the analysis showed there were few
statistically significant differences in scores between the SSIs.
For NOS components and NOS overall, there were no statistically significant differences
in mean scores between SSI 1 and SSI 2 (See Table 8). This means that on average, students
applied their NOS understanding similarly for both SSIs. These findings seem to run counter to
recent research that has found the application of NOS understanding to be context dependent
(Khishfe, 2017, 2019; Sadler et al., 2004). However, in a large study, Urhahne et al. (2011) found
that context-specific conceptions of NOS had significant correlations with domain-general NOS
understandings—what the researchers referred to as a mutual core. If the SSI in this study
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prompted students to tap into this mutual core as they developed responses to NOS
understanding prompts, the similarities in NOS component scores between the two SSI
scenarios would seem less aberrant.
SA component scores as well as SA overall showed more variability between SSIs,
compared to NOS. While the SA components of argument and rebuttal showed no statistically
significant differences between the SSIs, the counterargument component of SA skill showed a
statistically significant difference with a large effect size (See Table 8). Overall SA skill also
showed a statistically significant difference, based primarily on the outsized influence of the
counterargument component.
Participants showed consistency in their ability to develop a scientific argument across
the two contexts. Students who were able to state a personally held position and support it
appropriately with evidence (argument) for SSI 1 generally exhibited similar performance on SSI
2. The same was true for rebuttal, where students refuted the counterargument with scientific
evidence consistently in SSI 1 and SSI 2. Although not analyzed quantitatively, Khishfe (2012b)
found relatively consistency in SA component scores using a study design nearly identical to the
one reported on in this dissertation. However, where Khishfe (2012b) showed consistency in all
three SA components, the current study found no consistency for counterargument, where
students were tasked with creating a scientific argument with appropriate evidence for a
viewpoint that opposed the one they personally held.
As stated previously, students struggled with the generation of a counterargument,
specifically for the SSI 2 scenario. Based on open-ended responses, students at times seemed
unwilling to create a counterargument, in many cases due to a stalwart conviction in the
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correctness of their own viewpoint. One participant wrote, “he could not convince me”, rather
than attempt to structure a counterargument. This result is consistent with other researchers
who found that science-based decision-making (related to SA) has a strong affective component
that draws on students’ emotions and closely held beliefs (Bell & Lederman, 2003; Sadler et al.,
2004; Zeidler et al., 2002).
Research Question 3A & B: SSI Characteristics as Predictors of Measured NOS and SA Skill
The third and final major analytic goal of the study was to determine whether a
participant’s relationship with the SSI influenced their measured NOS understanding or SA skill
for that SSI. Through previous mixed methods research, the SSI characteristics of personal
relevance, prior knowledge, and familiarity were identified as possible predictors of a student’s
applied NOS understanding and SA skill (Khishfe, 2012b). For the current study, participants
responded to items designed to identify their relationship with the SSI along those three
dimensions. These self-reported scores were used as predictors in a multiple linear regression
with overall NOS score. The results offered little to no evidence of a connection between any of
the three SSI characteristics and the measured NOS scores.
The results of the multiple linear regression for SSI 1 yielded an overall model that was
not statistically significant, meaning that the combined SSI characteristics did not predict
change in student NOS scores to a statistically significant extent. In contrast, there was a
statistically significant overall model for SSI 2, where personal relevance was the singular
statistically significant positive predictor of applied NOS understanding. However, the
relationship between the variables was exceedingly weak. This means, for SSI 2, the higher a
participant rated the SSI as personally relevant, the higher their overall NOS score tended to be.
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The results for SSI characteristics and SA scores were even more ambiguous. The overall
regression for SSI 1 was statistically significant, but none of the individual predictors were
statistically significant. This means that the combined influence of the three self-reported SSI
characteristics trended positively with SA score in a weak way, but there were no definitive
trends in any of the characteristics and SA scores individually. For SSI 2, the overall regression
was not statistically significant, meaning that there was no trend observed between the
combined influence of the self-reported SSI characteristics and SA scores.
Although there were several instances of statistically significant results, the overall
picture showed that none of the SSI characteristics studied were predictive of measured NOS
understanding or SA skill with any consistency across scenarios, and the predictive power of the
statistically significant results was weak at best.
While there are virtually no quantitative study comparisons to make between these
results and prior research, the results of this study do not comport with qualitative findings
from previous studies that offer these same SSI characteristics as possible explanations for
variable application of NOS understanding and SA skill (Khishfe, 2012b; Khishfe et al., 2017;
Sadler & Zeidler, 2005). One possible explanation for the incongruence of findings lies in the
way data for each of the SSI characteristics were gathered. Participants were asked to selfreport their prior knowledge on the assessment instrument with a single, 5-level Likert-type
item (See Appendix C). A short content quiz to be completed prior to engaging with the vignette
may have provided more reliable insight into the actual level of each student’s prior
knowledge. Similarly, participants were asked to rate their familiarity with the debate on a
single, 5-level Likert-type item. Here too, a multi-item mini assessment to be completed prior to
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engaging with the vignette may have provided a better indication of a student’s familiarity with
the debate surrounding the SSI topic. The personal relevance SSI characteristic is less easily
explained, as participants were invited to gauge personal relevance after reading the vignette
that provided the complete SSI context. That said, the term personal relevance was provided to
students without further explanation, so interpretation of the phrase may have varied among
participants. It is possible that a short, multiple question section to determine personal
relevance of the SSI, rather than a single self-reported Likert-type item, may have better
captured student sentiment.
During the coding process for the assessment instruments, another SSI characteristic
emerged as a possible influence on the application of NOS understanding and SA skill. Many
participants expressed an intense strength of conviction in the correctness of their personally
held views on the SSIs. Responses that displayed greater strength of conviction often showed
lower measured NOS understanding for components like tentative. In response to an openended item asking whether the science on the SSI topic of water fluoridation could change in
the future (used to assess tentative NOS understanding), a participant wrote, “No way, because
this is very dangerous very risky.” This response was coded as naïve (lowest possible code). For
SA skill, a similar connection was sometimes observed between counterargument and strength
of conviction. In response to an open-ended item asking what a researcher would say to argue
a position opposite of the one you hold (used to assess counterargument SA skill), a participant
wrote, " I don't think there's anything he could do to change my perspective on it, there's
harmful things that can happen to people when they just want regular drinking water.” Based
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on these anecdotal qualitative findings, the addition of a fourth SSI characteristic like Strength
of Opinion in Your Position may have led to additional insight.
Recommendations for Educators
The results of this study have several implications for educator practice within
secondary science education. First, the data show that levels of NOS understanding and SA skill
remain low. Secondary science educators should employ best practices established in the
literature to improve both of these important components of scientific literacy. For NOS,
teachers should use the research-supported practice of explicit, direct instruction in NOS (AbdEl-Khalick & Lederman, 2000; Deng et al., 2011; Lederman & Lederman, 2014), alongside
opportunities for NOS application to authentic contexts like SSI (Bell et al., 2011; Wongsri &
Nuangchalerm, 2010). For SA, teachers should employ research-supported instructional
strategies that include explicit instruction and opportunities for practicing dialogic
argumentation (Dawson & Venville, 2013; Gutierez, 2015; Iordanou & Constantinou, 2015; Ping
et al., 2020; Venville & Dawson, 2010).
One of the main goals of this study was to determine whether a connection exists
between NOS understanding and SA skill. If such a link existed, it could be potentially leveraged
as an additional tool to improve students’ NOS understanding, SA skill, or both. Although no
causality can be inferred from the current study, the data indicate a strong relationship
between high school students’ NOS understanding and SA skill in the context of SSIs. As such,
NOS and SA concepts should be taught in tandem in the context of SSIs at the secondary level.
It is possible that NOS learning may support SA learning and vice versa, so teaching both
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simultaneously should be the goal when the direction of the relationship between the two
constructs is not yet well-established.
Previous research shows promise for the use of SSI to support NOS and SA instruction
(Bell et al., 2011; Gutierez, 2015; Venville & Dawson, 2010; Wongsri & Nuangchalerm, 2010),
but questions whether NOS and SA are applied similarly across contexts (Khishfe, 2017; Sadler
& Zeidler, 2005), and whether specific scenario characteristics may impact the way that
students apply their NOS understanding and SA skill (Khishfe, 2012b). The data gathered in this
study do not provide clear evidence of variability in NOS or SA application across contexts, or
that specific SSI characteristics influence application of NOS understanding or SA skill. Students’
application of NOS and SA were relatively consistent across contexts, evidenced by similar
strength in NOS-SA correlations, and NOS and SA score comparisons between SSIs. Based on
the research conducted for this dissertation, no clear recommendations can be offered for
selecting SSI that may prime students to demonstrate greater NOS understanding or SA skill.
While recommendations cannot be made concerning the specific characteristics of SSIs,
the use of SSIs generally as context to support instruction in NOS and SA is well-established
(Bell et al., 2011; Gutierez, 2015; Venville & Dawson, 2010; Wongsri & Nuangchalerm, 2010).
Secondary science educators should continue to use SSI that promote engagement among their
students and provide the necessary context to explore ideas of NOS and SA.
Suggestions for Additional Research
The results of the study support further connected research in several areas. Although
the data from the study clearly showed a relationship between NOS understanding and SA skill,
the study design included no intervention. Future research should use SSI contexts to test
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interventions that will better establish the nature of the relationship between NOS
understanding and SA skill. Studies should isolate the instructional grouping that include NOS
instruction only, SA instruction only, NOS and SA integrated, and NOS and SA concurrent but
separate. NOS understanding and SA skill could be evaluated at the conclusion of the
interventions. This type of study would help illuminate any directionality of the NOS-SA
relationship, reveal any potential synergistic relationship between instruction of the concepts,
and provide important insights into how best to teach NOS and SA to achieve maximum
learning outcomes.
There is also a need for more research into the extent of NOS and SA stability across
contexts. This study reported results that ran counter to some prior research on the variable
application of NOS and SA across SSI contexts. Future research is needed to better establish the
extent of variability in students’ NOS and SA application across SSI contexts. This could be
achieved by studying large American student samples and including a broad array of SSI
contexts that focus on current hot-button controversial issues within science (e.g., primate
research, climate change policy, vaccine hesitancy). The results from such studies could better
inform educators’ choices for SSI use in their classrooms.
Finally, and perhaps most importantly, future research should continue to explore the
characteristics of SSI scenarios that impact student application of NOS and SA. The current
study did not yield clear results in this area, but the instrumentation used to determine prior
knowledge and familiarity with debate was in some ways underdeveloped. Studies that explore
SSI characteristics should use more sophisticated means of determining students’ prior
knowledge and familiarity with the debate surrounding the SSI scenario. Additionally,
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researchers should include an opportunity for students to share their strength of opinion on any
given SSI topic. This characteristic, absent from previous literature, may help to explain
differences in students’ application of NOS and SA.
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Appendix A. Exploratory Email with Request to Conduct Research

Hello [District Administrator],
My name is John Williams. I’m a graduate researcher at the University of South Dakota (and
former student of yours), working under the mentorship of Dr. Kevin Reins. I’m planning my
dissertation study, and would like to apply to conduct research in the [community name] School
District. I was unable to find an application form for conducting research on the district website,
so I thought I would bring my request to you to see if my dissertation study would meet a
standard of baseline viability, and ask if there is anything that I can do from the applicant’s
perspective to increase the likelihood of a positive result.
My dissertation research involves assessing to what extent Nature of Science Understanding
(An understanding of how scientific knowledge is generated, reviewed, shared, and revised in
light of new evidence) and Scientific Argumentation skill (the ability to construct a logical
argument, supporting a scientific claim with empirical evidence) are related in the context of
socioscientific issues (controversial, socially-relevant, real-world problems that are informed by
science and often include an ethical component). The target population is 10-12th grade
general education classroom students in science.
The data gathering I propose would take less than one class period (probably less than 30
minutes) and involve an anonymous survey/assessment instrument that could be delivered on
any internet-connected device. The classroom teacher could present the opportunity to
participate in the study to their students, so there would be no direct contact between
researcher and participant. Because of delivery mode, the survey/assessment instrument could
also be delivered as part of remote instruction. I’ve attached a draft of the survey/assessment
instrument to this email for your review.
In terms of benefits, the classroom teacher would benefit from the research in that they would
receive aggregate and anonymous classroom-level data about their students’ nature of science
understanding and scientific argumentation skills. Students would benefit in two ways (1) by
exposure to nature of science understanding and scientific argumentation skill questions, the
latter of which accounts for between 25-35% of the science component of the ACT test (2)
chance to win $15 Amazon Gift Cards through a raffle.
Thank you for your time and considering my request,
John Williams
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Appendix B. Email Granting Permission to Conduct Research in District

Good Afternoon Mr. Williams!
Great to hear from you – thank you for reaching out! This is very exciting. The short answer is
that we do not have a formal request protocol in place, but do field those approvals through
our superintendent and, if necessary, our school board. Because this is an anonymous survey, I
was able to streamline the approval process.
You may use this email as confirmation that Superintendent [Name] was presented with your
proposal and has approved the use of our anonymous survey/assessment instrument for the
purposes of your dissertation study. With this in mind, I am assuming there is still a step of
student/parent consent that we will need to go through? When we have done similar exercises
in the past, we have notified parents that we would be administering a survey and then use
passive consent (if we don’t hear from them, we assume they have consented). We will also
need to have the resources necessary for administering the survey (links, instructions, etc).
Let me know your thoughts on all of this and we can figure out next steps.
Thanks!
[District Administrator]
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Appendix C. Demographic Survey

Age
•

____ (Short Answer Space; number data validation)

Gender
• Male
• Female
• Undisclosed
• Unspecified
Based on your current plans, do you plan to pursue additional education/training after high
school (college, trade school, apprenticeships, etc.)?
• Yes
• No
• Unsure
Based on a “Yes” answer to previous question, participants see the following:
Based on your current plans, how likely are you to pursue education in a science field after high
school?
• 1 (Very unlikely)
• 2
• 3
• 4
• 5 (Very likely)

Self-reported education experience with NOS and Scientific Argumentation
Have you previously had instruction on “Nature of Science” knowledge?
• Yes
• No
• Unsure
Have you previously had instruction on “Scientific Argumentation” skills?
• Yes
• No
• Unsure
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Appendix D. Controversial Socioscientific Issues Questionnaire (CSI)

Genetically Modified Organisms Scenario
How would you rate your level of understanding of genetically modified organisms (GMOs)?
• 1 (I do not know what a GMO is.)
• 2
• 3
• 4
• 5 (I could give a technical description of a GMO and how they are created)
How familiar are you with the debate surrounding genetically modified food safety?
• 1 (Completely unaware that a debate exists)
• 2
• 3
• 4
• 5 (Deep understanding of the debate and major arguments for and against their use)
Scenario I
Scientists in the United Kingdom have developed a new genetically modified strain of "golden
rice" to deal with Vitamin A deficiency. The genetically modified rice plants contain two extra
genes.
One group of scientists believe that eating the genetically modified rice with the two extra
genes can help prevent blindness by improving vitamin A intake during digestion. As a result,
this could help reduce childhood blindness, which affects 500,000 children worldwide each year
especially in developing countries in Asia. This group argues that no studies have indicated any
dangers associated with genetically modified foods.
Another group of scientists argue that we do not know how eating genetically modified rice (or
any food) will affect us. There is no biochemical analysis of the golden rice to see how adding
two genes may have changed the plant as a whole. Additionally, this group is concerned that
the new rice is grown in the same regions as other rice so there might be crossing over
(contamination), which would change the genetic material of other rice. So these scientists
argue that a healthily balanced diet would be a better solution than the golden rice to deal with
the Vitamin A deficiency.
After reading this vignette, how personally relevant does this scenario seem to you?
• 1 (Not at all relevant to me and my daily life)
• 2
• 3
• 4
• 5 (Extremely relevant to me and my daily life)
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(a) As a scientist, do you think the golden rice should be produced and marketed?
YES NO
(b) Explain and justify your decision
(c) Another scientist, Professor Ponso, disagrees with your decision. How could he explain his
position to illustrate the reasons supporting it and convince you?
(d) What would you reply to Professor Ponso to explain that your decision is right?
(e) How can you explain that scientists reached different conclusions even though they were all
looking at the same data about genetically modified rice?
(f) Do you think the knowledge about genetically modified food might change in the future?
Explain why or why not.
(g) As a scientist, do you think you might change your decision in the future? Explain why or
why not
(h) Is there anything else you would want to know about this issue that might help you decide
or even change your decision?

Water Fluoridation Scenario
How would you rate your level of understanding of public water fluoridation?
• 1 (I do not know what public water fluoridation is.)
• 2
• 3
• 4
• 5 (I could give a technical description of the public health implications for water
fluoridation.)

How familiar are you with any debate surrounding public water fluoridation?
• 1 (Completely unaware that a debate exists)
• 2
• 3
• 4
• 5 (Deep understanding of the debate and major arguments for and against fluoridation)
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Scenario II
The fluoridation of water involves adding Fluoride to public drinking water. This issue is
controversial and has been the cause for many court cases.
The group in favor of water fluoridation considers fluoridation as a safe and inexpensive way to
prevent tooth decay for all citizens during their lifetime. They point out that many distinguished
national and international scientific organizations support fluoridation. Further, this group
argues that scientific research shows that water fluoridation reduces tooth decay and cavities
and prevents dental disease.
The group against fluoridation considers it unethical because it is a form of involuntary
medication; it violates people’s rights as they have no choice. They also point out that
fluoridation does not have Food and Drug Administration (FDA) approval. Further, this group
argues that scientific research shows harmful effects of fluoridation, such as possible links to
cancer. Furthermore, adding Fluoride to drinking water makes it impossible to know how much
Fluoride a person takes.
Your city plans on adding Fluoride to drinking water and requires residents to vote for or
against this issue. If they get enough votes, then water fluoridation will be effective for the next
five years.

After reading this vignette, how personally relevant does this scenario seem to you?
• 1 (Not at all relevant to me and my daily life)
• 2
• 3
• 4
• 5 (Extremely relevant to me and my daily life)

(a) As a scientist, would you vote for adding Fluoride to drinking water in your city?
YES

NO

(b) Explain and justify your decision.
(c) Another scientist, Professor Ponso, disagrees with your position. How could he explain his
position to illustrate the reasons supporting it and convince you?
(d) What would you reply to Professor Ponso to explain that your position is right?
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(e) How can you explain that scientists reached different conclusions even though scientists
were all looking at the same data about the effects of water fluoridation?
(f) Do you think the knowledge about water fluoridation might change in the future? Explain
why or why not.
(g) As a scientist, do you think you might change your decision in the future? Explain why or
why not
(h) Is there anything else you would want to know about this issue that might help you decide
or even change your decision?
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Appendix E. Email Granting Permission to use of CSI in Research

From:
Subject:
Date:
To:

Rola Khishfe via ResearchGate no-reply@researchgatemail.net
Rola Khishfe sent you a message on ResearchGate
February 16, 2021 at 2:22 AM
John Williams john.williams@coyotes.usd.edu

Rola sent you a message
Rola Khishfe
American University of Beirut

Dear John,
You have my permission to use the CSI instrument provided that you include
the right reference.
Good luck with your research.
Rola

Reply on ResearchGate

This message was sent to john.williams@coyotes.usd.edu by ResearchGate. To make sure you receive our
updates, add ResearchGate to your address book or safe list. See instructions
If you don't want to receive these emails from ResearchGate in the future, please unsubscribe.
ResearchGate GmbH, Chausseestr. 20, 10115 Berlin, Germany. Imprint.
See our Privacy Policy and Terms of Service.
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Appendix F. Contact Information Survey for Compensation Purposes

This Google Forms survey is used to enter you in a drawing for one of six $25 Amazon Gift
Cards, as a thank you for participating in the study. The information you provide here will be
used solely for the purpose of contacting you if you win. This information will not be connected
to your anonymous answers on the components of the survey/assessment that you have
already completed. Any information you enter here will be accessible only by teachers or
administrators in your school and will only be used to contact you if you win a gift card.

First Name ____________________

Last Name ____________________

Email address __________________
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Appendix G. Cooperating Teacher Guide
Thank you for agreeing to help out with this science education research. Your help is much
appreciated. Below I have included some highlights and reminders for the data collection day.

Potential Script:
Today you have the opportunity to participate in a science education research project. The
project is trying to learn about two areas within science. The first area is called “Nature of
Science”. The “Nature of Science” or (NOS) involves understanding how scientific knowledge is
discovered, how we know whether it is reliable, and whether it can change over time.
The second area of this research is called “Scientific Argumentation”. “Scientific
Argumentation” is the ability to create strong arguments involving scientific concepts. It also
turns out that Scientific Argumentation accounts for between 25-35% of the ACT science
section.
If you choose to participate in this research, you will complete an anonymous
survey/assessment that will ask questions about two real-world scenarios that are meant to
gauge your nature of science understanding and scientific argumentation skill. Your name will
not be connected to your responses.
The process of completing the anonymous survey/assessment will take less than 30 minutes. If
you complete the survey, you will be entered to win one of six $25 Amazon gift cards.
To recap, if you participate you will gain exposure to some questions that are consistent with a
component of the ACT science test and be entered to win a $25 Amazon gift card.
If you decide not to participate, you will be completing a similar “nature of science”-“scientific
argumentation” activity, the work of which will not be shared with any researchers.

Teacher Notes:
•
•
•
•

You will have a list of students who cannot participate because their parents have opted
out for them.
Students who would like to participate can navigate to the following Qualtrics link: [Link
to survey/assessment]
The classroom should be quiet if at all possible while students are taking the
survey/assessment
A student activity version of the instrument (with demographics questions omitted) is
provided for those who will not be participating in the research.
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Appendix H. Parent Consent Form

INFORMED CONSENT Non-Medical
Parental Consent for Child’s Participation in Research
The University of South Dakota
TITLE: A Study of High School Students’ Nature of Science Understandings and Scientific
Argumentation Skills in the Context of Socioscientific Issues
PROJECT DIRECTOR: Dr. Kevin Reins
PHONE # 605-677-5831
Department: School of Education; Division of Curriculum and Instruction

NOTICE TO PARENTS: Your child will be in the following research study unless you notify the
project director or school by [this date] as explained at the end of this form.
WHAT IS THE PURPOSE OF THIS STUDY?
Your child is invited to be in a research study to understand how students’ understanding of the
way scientific knowledge is generated, validated, and communicated (Nature of Science
Understandings) is connected to the ability to construct arguments that draw upon scientific
evidence (Scientific Argumentation Skill).
The purpose of this research is to study whether a connection exists between nature of science
understanding and scientific argumentation, and also to see whether the context in which these
two components of science education are studied influences their application. The contexts
used for the study include two socioscientific issues (real-world issues that include science
concepts and ethical issues).
The anonymous survey/assessment instrument for this study takes less than 30 minutes to
complete and will be used to gauge the nature of science understandings and scientific
argumentation skills of participating students.
If a connection between nature of science understanding and scientific argumentation is
demonstrated, future science curriculum could benefit from the use of strategies that attempt
to increase both nature of science understandings and scientific argumentation skills.
HOW MANY PEOPLE WILL PARTICIPATE?
A maximum of 200 students are expected to take part in this study. This study will be
conducted at one school.
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HOW LONG WILL I BE IN THIS STUDY?
Your child’s participation in the study will include a brief 30-minute survey/assessment in the
fall term. Your child will participate within their science classroom.

WHAT WILL HAPPEN DURING THIS STUDY?
• Your child will participate during their science class during the school day, using quiet
work time.
• Your child’s science teacher will present the opportunity for participation in the study
and provide the link to the online survey/assessment instrument for the study.
• The anonymous survey/assessment instrument includes demographic questions,
questions about their postsecondary education plans, previous formal instruction in
nature of science and scientific argumentation, and questions meant to gauge nature of
science understandings and scientific argumentation skill.
• The anonymous survey/assessment instrument will take less than 30 minutes to
complete. Your child will be told that he/she may skip any question they do not want to
answer.
• The survey/assessment instrument is anonymous, which means there is no way to
identify which survey/assessment your child filled out.

WHAT ARE THE RISKS OF THE STUDY? It is possible that your child may experience some
discomfort when reading some questions, as the subject matter may be unfamiliar and your child
may not feel knowledgeable on the topics presented. If your child becomes upset by questions,
your child may stop at any time or choose not to answer any question.

WHAT ARE THE BENEFITS OF THIS STUDY?
Your child may not benefit directly from this study. Some children may benefit from answering
the questions as they may gain insights into their nature of science understandings and/or
scientific argumentation skills. Additionally, we hope that, in the future, other children might
benefit from this study because of the knowledge that will be gained about the possible link
between nature of science and scientific argumentation, possibly informing future high school
science instruction.
WHAT ARE THE ALTERNATIVES TO PARTICIPATING IN THIS STUDY?
Those not participating in the research will complete a similar nature of science and scientific
argumentation activity.
WILL IT COST ME ANYTHING TO BE IN THIS STUDY?
Neither you nor your child will have any costs for being in this research study.
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WILL I BE PAID FOR PARTICIPATING?
Your child will not be paid for being in this research study. However, after completing the
survey, students will be entered into a raffle for a drawing of $25 Amazon gift cards.
WHO IS FUNDING THE STUDY?
The University of South Dakota and the research team are receiving no payments from other
agencies, organizations, or companies to conduct this research study.
ARE MY RECORDS CONFIDENTIAL?
The records of this study will be kept private to the extent permitted by law. In any report
about this study that might be published, you will not be identified.
Any information that is obtained in connection with this study and that can be identified with
your child will remain confidential and will be disclosed only with your permission or as
required by law. Confidentiality will be maintained by means of storing students’ contact
information (for gift card drawing purpose only) separately from the survey data to maintain
anonymity. Further, only the school district will have access to this contact information. The
researchers will submit random numbers within the range of participants, allowing school
district personnel to contact drawing winners. Additionally, students will not use their name on
the survey/assessment instrument to maintain anonymity. Once students complete their
survey/assessment their answers will be stored on a secure server. Access to the survey data
will be restricted to the researchers and research staff.
If we write a report or article about this study is written, the study results will be described in a
summarized manner so that your child cannot be identified. The identity of non-participants
will be kept anonymous. Their names will not be collected.
IS THIS STUDY VOLUNTARY?
Your child’s participation is voluntary. Your child may choose not to participate or may
discontinue participation at any time without penalty or loss of benefits to which your child is
otherwise entitled. The decision whether or not to participate will not affect you or your child’s
current or future relations with The University of South Dakota or with your child’s school.
If your child decides to leave the study early, they will simply stop answering the survey
questions with no consequences for ending their participation in the study. However, they
would not be able to enter the drawing of gift cards.
WHOM MAY I CONTACTS IF I HAVE QUESTIONS?
You may ask any questions you have now or later.
The researchers conducting this study are: Dr. Kevin Reins; John Williams
You may call these numbers if you have questions or concerns about the research.
Dr. Kevin Reins (Office): 605-677-5831
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John Williams: 605-857-3280
If you have questions regarding your rights as a research subject, you may contact The
University of South Dakota- Office of Human Subjects Protection at (605) 677-6184.
•
You may also call this number about any problems, complaints, or concerns you have
about this research study.
•
You may also call this number if you cannot reach research staff, or you wish to talk with
someone who is independent of the research team.
If you do NOT want your child to participate in the research study, you can withdraw his or her
participation in one of three ways by “insert date here”:
1) email the school at: “appropriate email address here”,
2) personal delivery to “appropriate school office here”, or
3) communicate through regular email to the following address: “appropriate address here”.
Include the following in your email/letter: I “your name here” do not want my child, “child’s
name here”, to participate in the Nature of Science - Scientific Argumentation study.
If you do not indicate your decision to withdraw your child from the study, we will assume
that this research study has been explained to you, that your questions have been answered,
and that you voluntarily agree to permit your child to take part in this study. Please keep this
copy for your records.
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Appendix I. Child Assent Form

The University of South Dakota
Child's Assent Non-Medical

Project Title:

A Study of High School Students’ Nature of Science Understandings and
Scientific Argumentation Skills in the Context of Socioscientific Issues

Investigator(s):

Dr. Kevin Reins and John Williams

We are doing a research study. A research study is a special way to find out about something.
We are trying to find out whether there is a connection between what kids understand about
scientific knowledge and how well they can make an argument about a science topic. We are
also trying to find out whether lessons using real-world scenarios help students make better
arguments.
If you want to be in this study, we will ask you to do several things.
1) Answer multiple-choice questions on a survey
2) Read two short descriptions of real-world scenarios
3) Answer open-ended questions about the real-world scenarios.
4) (All of your answers will be completely anonymous)
We want to tell you about some things that may happen to you if you are in this study. It
should take between 20-30 minutes to answer the questions on the survey/assessment.. You
can stop at any time. You may not be familiar with some of the questions. You may not be
100% certain of your answers. Know that your answers are valuable regardless.
Not everyone who is in this study will benefit. A benefit means that something good happens to
you. We don’t know if you will benefit. But we hope to learn something that will help other
people someday.
When we are done with the study, we will write a report about what we learned. We will not
use your name in the report.
If you want to be in this study, please click “Continue” to proceed to the survey.
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Appendix J: Controversial Socioscientific Issues Rubric
For Argumentation Items (CSI Items b-d)
Points Awarded

Criteria

0

No argument; no justification
provided

1

No completely valid argument
(justification) provided

2

Valid argument provided with no
entirely correct reason
supporting it

3

Valid argument provided,
supported by one reason

4

Valid argument provided,
supported by two or more
reasons

Example(s)
“I disagree with him; he is not right”;
“I would repeat my explanation
about the danger of genetically
modified organisms”
“I don’t think genetically modified
foods should be produced because
they are bad things”
“Genetically modified foods should
be banned because they cause
blindness in children”
“I think that it is good to produce
genetically modified foods because
no studies have indicated dangers
associated with their consumption”
“The production of golden rice should
be banned, due to the potential for
genetic contamination of non-GMO
rice plants and the lack of
biochemical analysis to fully
understand the changes to the
golden rice that could be detrimental
to human health”

Adapted from Mason and Scirica (2006)
Notes:
•

•
•

Argument vs. No Argument: Statements will count as arguments if they include
justification. Words and phrases like “because”, “as”, “due to” would indicate a
response that at least makes an attempt at justification and should score at least a 1.
For consistency, “not entirely correct reasons” will not count against a response. For
example, a response with one correct reason and one incorrect reason would earn a 3.
A response with two correct reasons and one incorrect reason would earn a 4.
“Entirely correct reasons” come from the vignette text of the CSI or other evidence that
is science-based and generally accepted by the scientific community. For example, a
student may point out that fluoride is included in most toothpaste and used at dentist
offices, as reasons to support the inclusion of fluoride in a municipal water system.
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For Nature of Science Items
The Nature of Science Items include examples specific to scenario to better calibrate coding.
For Genetically Modified Foods Scenario
NOS Aspect
Subjective
Item (e)

Tentative
Item (f)

Empirical
Item (f)

Naïve Views
Score = 1
[Different scientists
reached different
conclusions] This could be
so because maybe the
scientists were examining
different traits of rice

Intermediary Views
Score = 2
Scientists might
have different
opinions. They
might be looking at
different questions

[Scientific knowledge
about genetically
modified food might
change] Yes since the new
technology would give
scientists the ability of
building new facts on
genetical [sic] study,
mostly because of more
efficient microscopes
[The knowledge about
genetically modified food]
It will not change in the
future

Yes, it will change
with new ways and
we will add to the
knowledge

Ideas about
genetically
modified food will
not change. Any
new evidence will
add to the
knowledge

Adapted from Khishfe (2012b)
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Informed Views
Score = 3
Even though the same data
has been looked at,
different points of views
and perspectives lead to
varied individual
conclusions. The
perspectives are based on
the person’s background,
ethics, and logic (whether
it’s ethical or practical)
Yes I do. I think so because
as science advances we will
be presented with new
ways to look at and
evaluate things, thus
changing what we know or
further validating it

My decision is based on the
evidence at hand. Any new
evidence may strengthen or
shatter my belief in the
project

For Water Fluoridation Scenario:
NOS Aspect
Subjective
Item (e)

Tentative
Item (f)

Empirical
Item (f)

Naïve Views
Score = 1
[Different scientists
reached different
conclusions] They
may have tested
for different things

Intermediary Views
Score = 2
Because they were
probably looking at
the experiment in
different ways or
conducting the
experiment in
different ways thus
reaching different
conclusions

No, [scientific
knowledge about
water fluoridation]
it couldn’t be
changed since it is
rules and rules
can’t be changed
[Scientific
knowledge
about water
fluoridation] No,
knowledge will stay
the same

Yes, knowledge
might change with
new evidence and
then knowledge
might increase

In the future, more
examinations and
tests will take place
making the results
more accurate.
Thus, the
knowledge will not
change anymore

Informed Views
Score = 3
Their culture and backgrounds are
different, and that is what shapes
the way people think. If a scientist
grew up with little Fluorine intake
and has had dental problems,
then he/she might agree with
adding Fluorine to drinking water.
On the other hand, if a scientist
grew up with no problems then
he/she might not think it
necessary to introduce Fluorine to
drinking water
If they came up with new data,
the scientific knowledge about
water fluoridation might change
in the future

Yes I believe scientists have to be
flexible and open-minded so if
there is evidence showing positive
sides of Fluoride, I may change my
mind

Adapted from Khishfe (2012b)
Notes:
• Intermediate views could include contradictory statements, some of which are informed
and some naïve. For the example of intermediate view of the water fluoridation
example, the participant says they are “probably looking at the experiment in different
ways”. This gets at subjective differences in analysis and interpretation of data (an
informed view). But the second part of the statement, “…or conducting the experiment
in different ways” gets at procedural differences, which are not supported by the
context, as the item specifies the scientists were looking at the same data (naïve view).
• Tentative and Empirical Aspects are evaluated using two parts of the same item.
• Informed views for empirical aspect of NOS will refer to changes in evidence.
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Appendix K: Confirmatory Factor Analysis Hypothesized Factor Structure
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